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In this project, heterolayered Pb(Zr1-xTix)O3 thin films consisting of  alternating layers of 
Pb(Zr0.7Ti0.3)O3 (PZ70T30) and Pb(Zr0.3Ti0.7)O3 (PZ30T70) layers were fabricated via sol-
gel route. They are then studied for the phases present, microstructure, and electrical 
properties. Comparisons are made between the heterolayered PZ70T30 (PZ70T30 chosen as 
the first layer) with multilayered PZT thin films, whereby the heterolayered PZT film 
demonstrates (001)/(100) preferred orientation, much coarsened microstructure, and 
superior ferroelectric and dielectric properties than those of the multilayered PZT thin 
film. The mechanisms behind the observed phenomena are studied systematically. 
Investigations into the PZ70T30/PZ30T70 interfacial layers based on the series connection 
capacitor model and the observations from heterolayered PZ70T30 films with a wide 
diffusion length between the alternating layers show that the interfacial layer is not the 
reason behind the superior properties of the heterolayered PZ70T30 films. The high Pr of 
the heterolayered PZT film indicates a further process that is related to the switching of 
ferroelastic domains. It is observed that the heterolayered PZ70T30 film consists of 
ferroeleastic domains, characterized by the formation of polytwin c/a/c/a domain. The 
investigation, based on PFM domain imaging, shows that these domains are 
ferroelastically active which undergo domain switching under an applied field. The 
ferroelastic domain switching, which has been reported to cause large and unusual 
properties in ferroelectric films, is suggested to account for the enhancement in properties 
of heterolayered PZ70T30.  
 
 viii
Further studies are carried out on the thickness and stacking sequence effects on the 
properties of the heterolayered PZT films. Their ferroelectric and dielectric properties are 
improved with the increasing number of alternating Pb(Zr0.7Ti0.3)O3 and Pb(Zr0.3Ti0.7)O3 
layers, whereby the six-heterolayered PZT thin film shows a much enhanced Pr and ε. In 
the fatigue test, a wake-up phenomenon is observed with the heterolayered films, where 
the degradation in switchable polarization is delayed. At elevated temperature, the wake-
up phenomenon is reduced, leading to fatigue degradation at a relatively lower number of 
switching cycles. The phenomenon is related to the injected electron causing oxygen 
vacancies and space charges, the accumulation of which impedes the domain switching. 
The stacking sequence of the heterolayered film strongly affects the film texture, 
ferroelectric and dielectric properties. The heterolayered PZT thin films with PZ30T70 as 
the first layer demonstrates limited improvement in electrical behavior, although it also 
shows a degree of (001)/(100) preferred orientation. However, it exhibits much refined 
grain sizes than that of the heterolayered PZ70T30 film. The overall film texture and grain 
size are shown to play a key role in determining the electrical properties of the 
heterolayered ferroelectric thin films, where a refinement in grain size gives rise to a 
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Chapter 1: Lead Zirconate Titanate (PZT) Thin Film 
 
CHAPTER 1  




A ferroelectric  undergoes spontaneous polarization in the absence of external field 
(spontaneous polarization), which can be reversed by applying an electrical field [1-3]. 
The history of ferroelectricity dated back in the year of 1920 when Pierre and Jacquez 
Curie found piezoelectricity in materials such as tourmaline, topaz, quartz, and Rochelle 
salt. They discovered that these materials could generate voltage from mechanical stress 
and later on confirmed the opposite phenomenon, i.e., mechanical deformation by 
electrical field [4]. Forty years later, Valasek discovered ferroelectricity in Rochelle salt 
[5]. He observed that the electric displacement in Rochelle crystal with applied electric 
field from positive to negative direction gave a hysteresis loop that resembled 
ferromagnetic hysteresis loop, as shown in Figure 1.1. With increasing electric field, 
polarization (P) in a ferroelectric material increases as a result of switching domain 
directions and it saturates when all of the domains are aligned in the direction of the 
electric field (E). This state is called saturation polarization (Ps). When the electric field 
is removed, polarization does not return to zero, but remains at a finite value called 
remanent polarization (Pr). The electric field that is required to return the polarization to 
zero is called coercive field (Ec). 
 
 2
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Above a critical temperature, Curie Temperature (Tc), ferroelectricity disappears and 
paraelectricity occurs as the ferroelectric material undergoes a structural phase transition 
from lower symmetry that is polar to a higher symmetry that is non-polar [1, 6]. Above 







−≈−+= εε , (1.1) 
where C is the Curie constant and T0 is the Curie-Weiss temperature. Ferroelectrics that 
undergo a transition of the second order, the polarization goes smoothly to zero at Tc such 
that T0 coincides with Tc. For transition of the first order, the polarization goes to zero 
discontinuously at Tc and T0 does not coincide with Tc [3, 6]. 
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1.2. Ferroelectric Domains 
 
Ferroelectric domains are the regions of a crystal with uniformly oriented spontaneous 
polarization, which are separated by domain walls. There are two types of domain walls, 
namely 180° walls which separate domains with oppositely orientated polarization and 
90° walls which separate domains with mutually perpendicular polarization. The 
formation of domains is due to minimization of the free energy state for the crystal as it is 
cooled through paraelectric – ferroelectric phase transition temperature. As the crystal is 
cooled through the transition temperature, there forms the surface charge which produces 
an electric field oriented oppositely to the spontaneous polarization. This electric field, 
called as depolarizing field, is related to electrostatic energy and it may be minimized by 
splitting the crystal into domains with oppositely oriented polarization or by 
compensating the depolarizing field with electric conduction through the crystal or by 
charges from the material surrounding.  Both 90° and 180° domain walls may reduce the 
electrostatic energy of the depolarizing field. Another possible reason for the domain 
splitting is to minimize the mechanical stresses experienced by the crystal as there is 
structural change from paraelectric phase to ferroelectric phase. Only 90° domain walls 
can reduce the elastic energy of the crystal [1, 7]. The schematic diagrams of 180° and 
90° domain walls formation are shown in Figure 1.2. 
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Figure 1.2 Schematic diagram of the 180° and 90° domain walls formation in 
tetragonal perovskite ferroelectric (adapted from Ref. [1]). 
 
 
1.3. Lead Zirconate Titanate [Pb(ZrxTi1-x)O3 or PZT] 
 
Among ferroelectric materials, PZT is the most extensively researched and studied for its 
superior properties. In the early 1950’s, Jaffe et al. [2] discovered that PZT had a strong 
piezoelectric and ferroelectric nature. He did an extensive study and established the 
research on the usage of dopants on PZT families. PZT has superior properties among the 
known ferroelectrics such as high polarizations, high relative permittivities, large 
piezoelectric coefficients, and relatively low crystallization temperature, making it a 
promising material for industrial applications. Until now, there are many interesting ideas 
and research being carried out for this material. 
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1.3.1. Crystal Structure 
 
PZT belongs to the perovskite family with a general formula of ABO3, where A site is 
occupied by the larger cation Pb and B site is occupied by the smaller cation Zr or Ti. A 
unit cell of cubic perovskite ABO3 is shown in Figure 1.3(a). It is sometimes visualized 
as three-dimensional framework of BO6 octahedra, where six oxygen atoms are arranged 
into an octahedron with B atom at the center. The octahedral are then linked by their 
corners into a three-dimensional framework, with the A atom in the interstices created by 
the linked octahedron as seen in Figure 1.3(b) [6].  Depending on the Zr/Ti ratio in PZT 
composition, a tetragonal or rhombohedral structure may form at room temperature as 
will be discussed further in section 1.3.2. 
 
 
Figure 1.3 (a) Schematic of cubic ABO3 perovskite unit cell, and (b) perovskite 




Chapter 1: Lead Zirconate Titanate (PZT) Thin Film 
 
1.3.2. Phase Diagram of PZT 
 
PZT is a solid solution of PbZrO3 (PZ) and PbTiO3 (PT). Figure 1.4 shows the phase 
diagram of PZT. The structure of PZT at room temperature depends on the ratio of Zr/Ti 
in the composition. A pure PZ has an orthorhombic structure at room temperature and it 
is antiferroelectric. For pure PT, at room temperature, it has a tetragonal structure and its 
Tc is at 490 °C, which is much higher than that of PZ. By substituting Ti4+ with Zr4+ into 
PT to form PZT, the tetragonality of PT is distorted. When Zr/Ti ratio is above 52/48, 
another ferroelectric phase with rhombohedral structure is formed. The boundary 
between the tetragonal and rhombohedral structure is called as morphotropic boundary 
(MPB) as it is nearly independent of temperature. When x<5%, PZT has an orthorhombic 
structure. So for Zr-rich PZT compositions, two structures are possible depending on the 
amount of Zr atoms in the composition. 
 
Figure 1.4  Phase Diagram of Pb(ZrxTi1-x)O3 (adapted from Ref. [9]) 
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PZT with different Zr/Ti ratios also have different Tc. As observed from Figure 1.4, the Tc 
of PZT decreases from Ti-rich composition to Zr-rich composition. The Tc of MPB 
composition is at 350 °C. Above Tc, PZT undergoes a structural change to paraelectric 
cubic structure. The schematic diagram of PZT structure with different Zr/Ti composition 
at below and above Tc is shown in Figure 1.5.  
 
Figure 1.5 Structural changes of Zr-rich and Ti-rich PZT at the Curie 
temperature, Tc. 
 
In tetragonal structure, the spontaneous polarization lies along the c-axis. As the crystal is 
being cooled through Tc, the spontaneous polarization may appear in equal probability 
along the six directions of polarization (positive and negative orientations) of the three a-
axes of cubic cell, forming 180° and 90° domain walls. In rhombohedral structure, the 
spontaneous polarization lies along the (111) direction of the unit cell, which gives eight 
possible direction with 180°, 71°, and 109° domain walls [1]. 
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1.3.3. Physical Properties of PZT Thin Films 
 
The properties of PZT are dependent on the PZT compositions and their film orientation 
[8]. Among the compositions, PZT with MPB composition shows the significant 
ferroelectric and piezoelectric properties [9]. The industrial applications and advanced 
technology that have been considered for PZT include non-volatile memories (NV-RAM) 
[10-13], microelectromechanical system (MEMS) [11, 14], electro-optic devices [6, 15], 
actuators [16], and pyroelectric sensors [14].  
 
1.3.3.1. Dielectric Properties 
 
Dielectric permittivity and dielectric loss are two important parameters for physical 
properties as ferroelectrics are generally dielectric materials. Dielectric materials are 
widely used in capacitors as they could increase the capacitance or the charge storage 
ability by the polarization of the molecules [17, 18]. Capacitance of a parallel plate 
capacitor with a dielectric material is given by the following equation: 
d
AC εε 0= ,          (1.2) 
where C is capacitance, 0ε is permittivity of a vacuum, ε  is the relative permittivity of 
the dielectric material, A is the plate area, and d is the distance between the plates. With a 
higher ε  value, the capacitor can have the same value of capacitance but with a lower 
applied field. Under ac field, the dipoles change their orientations following the direction 
of the field, but this process requires some finite time. When the frequency of the field is 
high, the dipoles cannot follow the orientation of applied field which cause no 
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contribution to the dielectric constant. This delay in dielectric response towards the field 
is called as dielectric relaxation or dielectric loss (tan δ).  
 
The dielectric behavior of PZT has been reported by several previous researchers as a 
function of zirconium concentration [19-23]. Chen et al. [19] reported that at 1 kHz the 
relative permittivities of PZT thin films (x = 0 – 0.8), deposited by sol-gel route on 
platinized Si substrate, is in the range of 100 – 1300, with MPB composition (PZT 
(52/48)) has the highest value. Khaenamkaew et al. [20] also reported that PZT with x = 
0.3 – 0.7 shows a relative permittivity of 384 – 1194 at frequency of 1 kHz, with MPB 
composition also has the highest value. This trend of PZT thin film is in good agreement 
with the trend for bulk ceramics PZT, though the permittivity maximum value in thin 
film might be slightly shifted from x = 0.52 [19, 21]. The maximum relative permittivity 
of PZT at MPB composition is due to the tetragonal and rhombohedral coexistence that 
increases the number of alternative crystallographic directions for polarization to 14 
(eight from rhombohedral structure and six from tetragonal structure), easing the domain 
reorientation during poling [1, 2, 9]. 
 
Different deposition techniques might give some variations in the permittivity values. For 
example, Wang et al. [23] reported the relative permittivity of PZT (52/48) deposited by 
rf magnetron sputtering is in the range of 450 – 680, which is lower than the PZT 
deposited by sol-gel route reported by Chen et al. [19] and Khaenamkaew et al. [20] as 
mentioned previously. Different starting materials also might change the electrical 
properties of the film. Klee et al. [21] observed that PZT (52/48) thin films which were 
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fabricated by MOD technique have different relative permittivity when different 
precursors were used. The variations in electrical properties of PZT thin films depend on 
the fabrication technique and processing parameters which affect the microstructure, 
orientation, and the density of the film. The relative permittivity of PZT (52/48) is 
generally higher than those other ferroelectric materials such as (Ba1-xSrx)TiO3 (BST; ε = 
300) for x = 0.25 [9], Bi4-xLaxTi3O12 (BLT, ε = 100-150 for x = 0.75) [24], and 
SrBi2Ta2O9 (SBT, ε = 305) [25]. With high ε, PZT has been considered to be a promising 
material for high-density planar density random access memories (DRAM).  
 
1.3.3.2. Ferroelectric Properties 
Among the ferroelectric properties, the values of Pr and Ec are important. For NV-RAM 
applications, the ferroelectrics with relatively large polarizations and low coercive fields 
are desirable. PZT is a potential material for this application due to its high Pr (30 – 50 
μm/cm2) and relatively low Ec. Khaenamkaew et al. [20] reported that PZT (52/48) 
exhibits the promising properties with Pr of 24 μm/cm2 and Ec of 72 kV/cm. When 
deposited by dc magnetron sputtering, PZT (52/48) shows a Pr of 30 μm/cm2 and Ec of 
25 kV/cm as reported by Sreenivas et al. [22]. Chen et al.[19] reported that PZT with x = 
0.2 – 0.8 has a Pr in the range of 13 – 36 μm/cm2 with the MPB composition has the 
highest value, while the Ec increases from 23 – 78 kV/cm with decreasing x (increasing 
degree of tetragonality). The trend of decreasing Ec with increasing Zr concentration is 
also observed by Foster et al. [26]. They reported that Ec decreases with increasing Zr 
concentration to a minimum of 20 kV/cm for x = 0.8. The lowered Ec observed for Zr-
rich PZT with rhombohedral structure has the advantage of a lower switching field [2]. It 
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is noteworthy to mention that the reported Pr of thin films might not be as high as the Pr 
value of bulk PZT (~ 40 – 50 μm/cm2) as the stiff substrate may exert clamping effect 
that may hinder domain movement in thin films [1]. This clamping effect may also lower 
the piezoelectric properties of PZT thin film (section 1.3.3.3).  PZT (52/48) has a higher 
Pr compared to other ferroelectrics such as Bi4Ti3O12 (BIT, Pr = 4.5 μm/cm2) [26], BLT 
(Pr = 8 – 10 μm/cm2), SBT (Pr = 2 – 10 μm/cm2) [24, 27], and SrBi2(Nb,Ta)2O9 (SBTN, 
Pr = 20 μm/cm2) [9], although there are some reports on improved properties of these 
ferroelectrics, such as Nd-doped BIT (BNdT, Pr = 52 μm/cm2) [28].  
 
 
1.3.3.3. Piezoelectric Properties 
Piezoelectricity is the ability of a material to generate an electrical potential from applied 
mechanical stress and vice versa [1]. The relationship between the applied stress and the 
resulting charge density is described by direct piezoelectric effect: 
dXD = ,          (1.3) 
where D is the electric displacement, d is the third-rank tensor of piezoelectric 
coefficients, and X is the applied stress. In a dielectric material, the electric displacement 
can be described by: 
ED ε= ,          (1.4) 
where ε is relative permittivity of the material and E is the applied field.  
The relationship between the applied electric field and the resulting strain is described by 
converse piezoelectric effect: 
Edx t= ,          (1.5)  
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where x is the resulting strain, E is the applied field, and t denotes the transposed matrix. 
The relationship between stress X and the resulting strain x is given by the Hooke’s law: 
sXx = ,          (1.6) 
where s is the elastic compliance and X is the applied stress.  
The coupling between the electrical and mechanical properties in piezoelectric materials 
gives the piezoelectric constitutive equations: 
EdXD Tε+= ,         (1.7) 
EdXsx tE += ,         (1.8) 
where the subscript E on sE indicates a zero or constant electric field and the subscript T 
on εΤ  indicates a zero or constant stress field.  
 
Due to the high electromechanical coupling, PZT (52/48) has been exploited for 
applications in transducers and actuator devices. Recently, PZT has been able to be 
integrated into MEMS devices due to improvement in PZT thin film fabrication 
techniques [14]. Jaffe et al. [2] reported that the piezoelectric properties of PZT close to 
the morphotropic phase boundary are significantly high due to the increased ease of 
reorientation during poling. The longitudinal piezoelectric coefficient d33 for PZT (52/48) 
is 233 pC/N [29]. The piezoelectric properties observed for PZT thin films are in 
agreement with those properties reported for ceramic bulk by Chen et al. [19]. It is 
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1.4. The Challenges of PZT Thin Films 
 
Though PZT has excellent dielectric, ferroelectric, and piezoelectric properties that are 
suitable for vast applications, it also has its limitation when it is fabricated into a thin film 
form. It has been reported that the ferroelectric and dielectric properties of PZT film 
changes with decreasing thickness [27, 30-32]. This phenomenon is observed especially 
when Pt is used as electrodes. The interface space charge layer, formed as a result of the 
interaction between the dielectric film and the top/bottom electrodes, plays an 
increasingly dominant role as the thickness of the film decreases below 100 nm resulting 
in the reduction of effective relative permittivity of the capacitor.   
 
The drawback of PZT thin films for DRAM and NV-RAM applications is that they 
undergo fatigues at lower switching cycles (after 106 – 108 switching cycles) [9]. 
Polarization fatigue refers to the decrease of switchable polarization with polarization 
switching cycling [33]. It has been reported that the low fatigue endurance of PZT is 
related to the defects and charge injection between the electrode and PZT film. To be 
competitive with electrically erasable read-only memories (EEPROM), ferroelectric 
memories must be improved to withstand at least 1012 erase/rewrite operations.  
 
The extensive lead losses during processing caused formation of rosette structure in PZT 
films. The rosette structure consists of the perovskite PZT phase and fine-grained matrix. 
It is reported that the fine-grained matrix is suspected to be the Pb-deficient pyrochlore 
phase such as Pb2Ti2O6+x [34]. In rhombohedral (Zr-rich) thin films, rosette-type 
 14
Chapter 1: Lead Zirconate Titanate (PZT) Thin Film 
 
microstructures have also been observed (particularly for sol-gel derived films) due to the 
higher perovskite nucleation energy and the increased stability of the pyrochlore phase 
[35, 36]. PZT films with rosette structure are not desired, especially for several 
applications, due to the high surface roughness and inferior properties involved. 
 




1.5.1. Oxide Electrode 
 
Oxide electrodes can act as sink for oxygen vacancies and improve the fatigue and 
imprint properties of several ferroelectric films [37, 38]. It is generally argued that oxide 
electrodes can help control charged defects at the electrode/ferroelectric interface and 
provide a better work function match to the ferroelectric material [33]. The oxide 
electrodes could be classified into two general groups. The first group includes the rutile-
type metal oxides such as IrO2 and RuO2. The second group consists of conducting 
perovskite oxide electrodes such as LaNiO3 (LNO), (La, Sr)CoO3 (LSCO), and SrRuO3 
(SRO) which have the same structure as the dielectric perovskite. It is shown that the 
rutile oxide electrodes do not create blocking layer with the dielectric materials due to the 
good barrier effect of IrO2 towards the diffusion of Pb, Zr, Ti, and maybe also O into the 
underlayer, and as a result, the relative permittivity of the dielectric materials does not 
change with thickness, even when it is in the order of few tens of nanometers. Nakamura 
et al. [39] showed that PZT thin film with IrO2 electrodes do not fatigue up to 1012 
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cycles.  Nagaraj et al. [38] showed that PZT thin film with perovskite oxide electrodes 
exhibited improved reliability when compared to PZT films with Pt electrodes.  
 
1.5.2. Buffer Layer  
 
The advantages of using of buffer layer include enhancing the nucleation and growth of 
the perovskite phase (reducing the crystallization temperature), preventing diffusion 
between the PZT film and electrode, and improving the electrical properties of PZT films 
[40-42]. By using buffer layer, the film and electrode interface can be modified in order 
to reduce the entrapment of oxygen vacancies and prevent charge injection as source of 
ferroelectric fatigue. Alkoy et al. [43] reported on the improved fatigue resistance of PZT 
thin film by using PbZrO3 buffer layers, whereby it is suggested that PbZrO3 layer acts as 
a capacitive interface layer which limited the charge injection from the bottom electrode 
and as a sink for oxygen vacancies. With PbTiO3 as the buffer layer, it is shown that it 
decreases the crystallization temperature of PZT, preventing the formation of rosette 
structure, and lowering the leakage current of the film [44].  
 
1.5.3. Heterolayered Structures 
 
In recent years, thin film heterolayered structure has emerged as one of the most 
promising strategies in enhancing the electrical properties of ferroelectric and dielectric 
thin films. The idea behind this strategy is to engineer thin film properties by stacking 
two or more different materials (e.g. PbTiO3/PbZrO3, 
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(Bi,La)4Ti3O12/Pb(Zr,Ti)O3/(Bi,La)4Ti3O12, BaTiO3/SrTiO3) or compositionally graded 
films (eg. (Pb,Ca)TiO3 and (Ba,Sr)TiO3) in a layered structure [45-49]. It has been 
reported that these heterolayered structures have improved ferroelectric and dielectric 
properties as compared to its single ferroelectric constituent. As an example, by stacking 
BLT/PZT/BLT, one can enhance the Pr of the film significantly when compared to the 
single layered BLT film and improve the fatigue properties of the film up to 1010 
switching cycles. It is suggested that the upper and/or lower BLT layer acts as an 
absorption layer of oxygen vacancies and BLT films on Pt electrodes are fatigue free 
[46]. Another example is that the strain or stress in the BTO and STO layers in BTO/STO 
heterolayered structure can be manipulated by varying the stacking sequence. It is found 
that the strain is an important factor in determining the dielectric properties of the film 
whereby the relative permittivity reach maximum when the lattice distortion of BTO and 
STO layers were 1.023 and 0.985, respectively [47]. 
 
Recently, investigations have been made into heterolayered PZT thin films, whereby 
superior ferroelectric and dielectric properties have been demonstrated. The heterolayered 
PZT thin film consists of alternating layers of rhombohedral and tetragonal PZT, which 
have an overall composition close to the morphotropic phase boundary. Zhou et al. [8] 
reported on a giant Pr of 71.9 μC/cm2 and relative permittivity of 905 for six-
heterolayered PZT films consisting of alternating PbZr0.8Ti0.2O3 and PbZr0.2Ti0.8O3 layers 
with PbZr0.8Ti0.2O3 as the first layer and deposited via sol-gel route. The incredibly high 
Pr of the heterolayered PbZr0.8Ti0.2O3/PbZr0.2Ti0.8O3 film is more than three times of 
multilayered PbZr0.8Ti0.2O3 film and nearly two times of multilayered PbZr0.2Ti0.8O3 film. 
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The Pr and ε of the heterolayered films are also increased by increasing number of layers. 
By modifying the layer thickness of rhombohedral phase (dR) and tetragonal phase (dT), 
Wu et al. [50] reported the heterolayered PbZr0.8Ti0.2O3/PbZr0.2Ti0.8O3 films, which was 
deposited by rf magnetron sputtering and demonstrates Pr of 35.8 μC/cm2, Ec of 73 
kV/cm and ε of 650 when dR / dT = 1:2. When PbZr0.2Ti0.8O3 is used as the first layer in 
the fabrication of the heterolayered PZT thin films, a Pr of 8.13 μC/cm2, Ec of 12.5 
kV/cm and ε of 1385 are demonstrated as reported by Lee et al [51, 52]. Although 
smaller ferroelectric properties were observed for the heterolayered 
PbZr0.2Ti0.8O3/PbZr0.8Ti0.2O3 thin film, they were still much higher than those of the 
multilayered PbZr0.8Ti0.2O3 and PbZr0.2Ti0.8O3 thin films. Another interesting observation 
for this system is the lower leakage current density (8.8 x 10-13 A/cm2 at 5 V) for the six 
layers film and the dense microstructure without the presence of rosette structure. Pontes 
et al. [53] and Lee et al. [54] also reported the properties of the heterolayered 
PbZr0.4Ti0.6O3/PbZr0.6Ti0.4O3 thin film, whereby improved ferroelectric and dielectric 
properties are also demonstrated as compared to the multilayered PZT thin films. The 
heterolayered PZT film also shows fairly good fatigue behavior after 108 switching 
cycles. 
 
1.6. Research Scopes And Objectives 
 
As mentioned in the previous section, PZT remains as one of the leading materials for 
piezoelectric and ferroelectric applications, especially for NV-RAM, due to its attractive 
properties such as a high Pr, high switching speed, a high Curie point, and relatively low 
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processing temperatures. However, there is also much improvement that is needed for 
several demanding applications, as discussed in Section 1.5. With the surge of interest in 
the heterolayered PZT thin films consisting of rhombohedral and tetragonal layers, it is of 
interest to focus this research project on the superior ferroelectric and dielectric properties 
that can be achieved with the new thin film structure. Moreover, it is of considerable 
value to understand the physical principles that are responsible for the enhanced 
properties in the heterolayered PZT films, by a close comparation with the multilayered 
PZT films. 
 
The scopes and objectives of this project can therefore be summarized as follows: 
• To fabricate heterolayered PZT films consisting of alternating rhombohedral and 
tetragonal layers, which have an overall composition close to the morphotropic phase 
boundary. 
• To establish the phases present, microstructure, and electrical properties of the 
heterolayered PZT thin films, by a close comparison with the multilayered PZT thin 
film, in order to understand the mechanism behind the superior properties of 
heterolayered PZT thin film. 
• To study the fatigue behavior of the heterolayered PZT thin films. 
• To investigate the effects of thickness on the microstructure and electrical properties 
of the heterolayered PZT thin film. 
• To understand the effect of stacking sequence on the phase, microstructure, and 
electrical properties of the heterolayered PZT thin film. 
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In order to fulfill the objectives stated above, the following approaches were taken in this 
project: 
• Pb(Zr0.7Ti0.3)O3 and Pb(Zr0.3Ti0.7)O3 were chosen for the deposition of the 
heterolayered PZT thin films as they are closer to the MPB composition. 
Furthermore, there are no complete and deep studies reported for the heterolayered 
films with these compositions. The multilayered and heterolayered films were 
fabricated by multistep sol – gel route, assisted by spin coating. Sol-gel technique was 
chosen as it is of low cost, together with the flexibility of being able to control the 
film composition and film texture [55]. The phases present, microstructures, electrical 
properties between the multilayered and heterolayered PZT films were compared and 
they are discussed in Chapter 3. Pb(Zr0.7Ti0.3)O3 was chosen to be the first layer of the 
heterolayered PZT film in these studies. 
• Heterolayered PZT thin films with different layer thicknesses in the range of 150 – 
450 nm were fabricated in order to study the thickness effect on the heterolayered 
PZT properties, including their fatigue behavior. These studies will be detailed and 
discussed in Chapter 4. 
• Heterolayered PZT thin films with Pb(Zr0.3Ti0.7)O3 as the first layer was fabricated in 
order to study the effect of stacking sequence on the properties of heterolayered PZT 










Chapter 2: Experimental Procedures 
 




2.1 Fabrication of PZT Thin Films 
 
2.1.1. Starting Materials 
 
A multistep sol-gel processing route was devised to synthesize the multilayered and 
heterolayered PZT films. Two precursor solutions each with 10 mol% excess lead, 
namely Pb(Zr0.7Ti0.3)O3 (coded as PZ70T30) and Pb(Zr0.3Ti0.7)O3 (coded as PZ30T70) were 
prepared. The starting materials were Pb(CH3COO)2 · 3H2O, Zr[OCH(CH3)2]4, and 
Ti[OCH(CH3)2]4, dissolved in ethylene glycol monomethyl ether (C3H8O2) and acetic 
acid (solvent volume ratio = 5/1.3). The concentration of the two sol solutions were 
controlled at 0.4 M. 
 
2.1.2. Fabrication Procedures 
 
The precursor solution was prepared by firstly dissolving Pb(CH3COO)2 · 3H2O in the 
solvent at 100 °C. After the compound had dissolved, the bottle cap was removed for 5 
minutes. The lead acetate solution was then cooled to room temperature, followed by 
adding Zr[OCH(CH3)2]4 and Ti[OCH(CH3)2]4. Finally, the precursor was stirred for 2.5 
hours.  
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The multilayered PZT films, namely six-layered PZ70T30 and six-layered PZ30T70 thin 
films, were fabricated by spin coating (Laurell Technologies Corp, USA) the respective 
precursor solution onto the Pt/Ti/SiO2/Si substrate at 3000 rpm for 30 seconds, followed 
by drying at 300 °C for 5 minutes, and baking at 500 °C for 7 minutes by using a hot 
plate. These procedures were repeated several times until the desired number of layers 
was obtained. The multilayered PZT films were finally annealed for 1.0 hour at 650 °C 
by using Rapid Thermal Processing (RTP) (Ulvac-Riko QHC-P610CP, Japan) chamber. 
 
To fabricate the heterolayered PZ70T30 film, firstly, Pb(Zr0.7Ti0.3)O3 precursor solution 
was spin-coated onto the Pt/Ti/SiO2/Si substrate at 3000 rpm for 30 seconds, followed by 
drying and thermal baking at 300 °C and 500 °C, respectively. The Pb(Zr0.3Ti0.7)O3 
precursor solution was then spin-coated as the second layer by following the same 
procedure. These procedures were also repeated several times until the desired number of 
layers was obtained, before it was finally annealed for 1.0 hour at 650 °C by using RTP 
chamber. The schematic of the experimental procedures in fabricating heterolayered 
PZ70T30 thin films is shown in Figure 2.1. 
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Figure 2.1 Schematic diagram of the experimental procedure in fabricating 
heterolayered PZ70T30 thin films. 
 
 
2.2 PZT Thin Film Characterizations 
 
2.2.1 X-ray Diffraction (XRD) 
 
XRD is commonly used as a non-destructive characterization technique in identifying the 
phases and crystal structure in a material [56]. It is also a powerful tool to study 
crystallite size and stress/strain lattice present in the materials. The X-rays which are 
diffracted constructively by specific crystal planes will give the diffraction patterns that 
reveal the crystallographic structure of the materials. Constructive interferences of the 
diffracted X-rays are obtained at angles that follow the Bragg’s Law: 
n λ = 2 d sin θ     (2.1) 
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where n is the order of diffraction (integer), λ is the wavelength of the incident beam, d is 
the interplanar spacing of crystal plane, and θ is the angle between incident beam and the 
particular crystal plane. Other X-rays scattered at different angles than Bragg’s angle are 
out of phase and have destructive interference. 
 
In this study, the PZT thin films were characterized by using XRD (Bruker AXS 
Diffractometer, Germany). The incident beam used as X-rays source is CuKα with 
wavelength of Kα1 = 0.154439 Å and Kα2 = 0.154439 Å. The diffractometer is operated 
at 40 kV and 40 mA. The scanning was done at 2θ angle between 20o to 70o at a 
glancing/incident angle of 1.5o with a step-size of 0.02o and time/step of 2 seconds. The 
low glancing angle method is usually employed for thin film to make the analysis more 
surface sensitive as the film thickness is smaller than the substrate thickness. This will 
lead to higher diffraction intensities from the film materials.  
 
2.2.2. Scanning Electron Microscopy (SEM) 
 
SEM is one of the electron microscopy techniques that can be used to image sample 
surface with high spatial resolutions (<1 – 20 nm). Nowadays, SEM becomes a highly 
useful tool in various research fields as it provides a lot of information on the physical, 
structural, and compositional properties of a wide range of materials with simple sample 
preparation steps. In SEM, high energy beam of electrons that is generated by an electron 
gun (thermionic electron gun or a field emission gun) in the high vacuum electron optical 
column are focused by condenser lenses and directed toward the sample surface by the 
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objective lenses. The scanning coils deflect the beam horizontally and vertically so that 
its spot scans in a raster fashion over a square area of the sample surface. When they hit 
the sample, the incident electrons interact with the solid and undergo a successive series 
of elastic and inelastic scattering events. The elastic scattering of the incident electrons 
result in the high-energy backscattered electrons, while the inelastic scattering results in 
the emission of secondary electrons, Auger electrons, characteristics X-rays. Secondary 
electrons with energies less than 50 eV can only escape from the material within about 
100 Å of the sample surface. They give much better resolution and depth of field as 
compared to the optical microscopes. The scattered electrons are then collected by the 
detectors. The detectors convert them to an electrical signal which is subsequently 
amplified and fed to the grid of display CRT. The amplified image modulates the 
brightness of the CRT and produces the sample image on viewing screen [57]. The image 
magnification results from the ratio of the area scanned on the specimen to the area of the 
display CRT screen. Thus, to increase the magnification in an SEM, the electron beam is 
scanned over a smaller area of the specimen.The surface morphology and cross-section of 
PZT thin films were studied by using SEM-Field Emission (Philips XL30 FEG-SEM, 
Switzerland). The samples to be studied were coated with a thin layer of gold by using dc 
sputtering machine (BΔL-TEC Sputter Coater SCD005, Switzerland). The gold coating 
was done to prevent the accumulation of static electric fields due to the electron 
irradiation during imaging (charging effect) and to improve the image contrast.  
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Figure 2.2 Schematic diagram of a Typical Scanning Electron Microscopy 
(adapted from Ref. [57]). 
 
 
2.2.3. Atomic Force Microscopy (AFM) 
 
Atomic Force Microscopy is a very high resolution imaging technique invented by 
Binnig, Quate, and Gerber in 1986. It can map the morphology of sample surface in an 
atomic scale and measure the force related properties. The operation modes of AFM are 
contact and noncontact dynamic imaging mode. In this project, noncontact dynamic or 
tapping mode was used for the materials characterization whereby the tip cantilever 
vibrates at near its resonance frequency by a small piezoelectric element mounted in the 
AFM tip holder. Along the normal direction of sample surface, there is an interaction 
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force between the tip and the sample. When the tip and sample interact, there will be a 
change in the force gradient felt by the tip and cause the resonance frequency to change. 
This gradient of the signal is captured by the deflection sensor and analyzed by lock-in 
amplifier. The feedback circuit maintains the constant resonance frequency by regulating 
either a constant phase shift between the signal of the deflection sensor and the original 
driving signal (by moving sample in z- direction) or a constant amplitude of the 
modulated deflection sensor signal. As the tip does not touch the sample during the 
measurement, the surface deformations and lateral forces are minimized and other forces 
such as magnetic or electrostatic can be separated from the surface topography. 
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Figure 2.3 Schematic diagram of a Typical Atomic Force Microscopy.  
 
2.2.4. Piezoelectric Force Microscopy (PFM) 
 
PFM is a commonly used for imaging and nanoscale ferroelectric phenomena such as 
domain dynamics and switching, fatigue, and retention mechanisms [58]. Its working 
principle is based on the deflection of local vibrations of ferroelectric sample 
(piezoelectric deformation) caused by an external ac voltage (Vac=V0 cos ωt) applied 
between the conductive tip (moveable top electrode) of the cantilever and the sample 
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bottom electrode [59-61], as shown in Figure 2.4. The imaging ac voltage should be 
lower than Ec so that it does not destroy the original domain structure. In addition, the 
imaging frequency should be much lower than the frequency of the cantilever to avoid 
making the system resonate and attenuation the signal of the cantilever vibration [62].  
 
 
Figure 2.4 Schematic diagram of Piezoresponse Force Microscopy (adapted from 
Ref [61]). 
ue to the converse piezoelectric effect (see Equation (1.5)), the alternating external 
as shown schematically in Figure 2.5. 
 
D
electric field gives rise to the piezoelectric vibration of the film, resulting in the sample 
deformation (elongation, contraction, or shear). The surface oscillations are transmitted to 
the cantilever tip and measured using a standard lock-in amplifier. The out of plane 
oscillations (c-domains) cause the cantilever to deflect vertically (z-deflection) and the in 
plane oscillations (a-domains) cause the lateral deflection of the cantilever (x-deflection), 
 30
Chapter 2: Experimental Procedures 
 
 
Figure 2.5 Schematics of the (a) vertical, and (b) lateral PFM signal detection 
(adapted from Ref [59]) 
 
f the piezoelectric coefficient (and therefore the polarization direction) is reflected by 
Information on the magnitude is given by the amplitude of the vibration signal. The sign 
o
the phase of the output signal which reverses when the coefficient is opposite. Thus, 
regions with opposite polarization directions, which vibrate in counter phase with respect 
to each other under the applied ac field, should appear as regions of different contrasts in 
the piezoresponse image. The correlation between the magnitude and phase of the output 
signal with the magnitude and direction of the polarization coefficient is drawn 
schematically in Figure 2.6. 
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Figure 2.6 Schematic of PFM amplitude and phase in correlation with the 
polarization magnitude and direction (adapted from Ref [63]). 
 
 
In the vertical PFM, the out of plane (upward and downward) polarization direction (c-
domain) is represented by dark and bright contrast in piezoresponse images. However, 
piezoresponse images present much more complex variation of contrast. Some 
explanations for the gray piezoresponse contrast as given by Gruverman et al. [62] can be 
summarized as follows: 
 The presence of a-domains (polarization direction is in-plane) and domains with 
polarization vector deviating from the direction normal to the film plane. These 
domains give weaker piezoelectric signal as compared to the one from c-domains and 
they are represented by the regions with contrast between dark and bright in the 
piezoresponse images.   
 There may be several randomly polarized grains stacked in the direction normal to the 
film plane. As the piezoresponse signal is an integration of the entire range of the film 
thickness, its amplitude and phase provide information about the integral strain 
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induced along the film thickness and about the direction of the polarization, 
respectively. If all grains in the direction normal to the film surface are randomly 
polarized, the integral piezoresponse will be equal to zero and gray contrast will be 
observed in the piezoresponse images.   
 Amorphous or a non ferroelectric structure that does not exhibit piezoelectric 
properties.  
 Polarization reversal may occur under the action of the imaging ac field when the ac 
amplitude is higher than the coercive voltage and with the same frequency. It will 
cause a decrease in the first harmonic piezoelectric component and an increase in the 
second harmonic component.  
 
The advantages of PFM as compared to other domain characterization techniques such as 
optical microscopy, chemical etching, and Scanning Electron Acoustic Microscopy 
include the ease of implementation, high resolution, and the 90° and antiparallel 180° 
domain configuration that are non-destructively imaged at nanoscale resolution.  
 
2.2.5. Transmission Electron Microscopy (TEM) 
 
Transmission Electron Microscopy is an imaging technique with high resolution (<2Å) 
whereby the sample is illuminated with electrons under vacuum and the electrons 
transmitted through the sample are detected [64]. The advantages of TEM include 
providing information on morphology, particle size, and crystal structure at fine scale, 
gathering the crystallographic and chemical data at unit cell or near unit cell scale, and 
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characterizing defects and dislocations. Bright field image is formed when a small 
objective aperture is centered at the optic axis such that only the un-scattered electrons 
can pass through. Thick regions of the specimen in which heavy atoms are enriched or 
higher in density will have stronger scattering and appear as darker areas in the image. 
Dark field image is formed when the aperture is displaced such that the scattered 
electrons are allowed to pass through the objective aperture, while the unscattered 
electrons are blocked. With this imaging, the background appears dark and provides a 
reverse contrast to the bright field image. 
 
2.2.6. Dielectric Properties 
 
An Impedance Analyzer (Solatron 1261 Impedance Grain-Phase Analyzer, Farnborough, 
UK) was employed to measure the dielectric properties of the PZT thin films in this 
project. The Pt coated on top of the Si substrate acted as the bottom electrode of the thin 
film. The top electrode was Au with a diameter of 0.2 mm, deposited by dc sputtering. 
The capacitance and dielectric loss of the films was measured at room temperature by 
applying an ac voltage with Vrms of 0.1 volt in a frequency range of 0.1 – 106 Hz. The 
relative permittivity of the film could be obtained from Equation (1.2).  
 
2.2.7. Ferroelectric Properties 
 
Ferroelectric properties of the PZT thin films were measured by using Radiant Precision 
Materials Analyzer (Radiant Technologies, Medina, NY, USA). The hysteresis loops of 
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the PZT films were measured by applying an electrical field in the range of 100 – 1000 
kV/cm. The hysteresis period was 1 ms and the pre-loop delay was 1000 ms. In order to 
study the fatigue endurance of the heterolayered PZT films, fatigue tests were also carried 
out and studied in Section 4.7. The fatigue measurement was done by applying a 
repeating bipolar electrical field above the film’s coercive field with certain frequency. 
During the fatigue test, the switchable polarization (Pswitchable) was measured by taking the 
difference between switching polarization (Psw) and nonswitching polarization (Pnon-sw), 
and it was plotted as a function of the switching number (N) in log scale.  
 
2.2.8. Leakage Current 
 
Leakage current is the tunneling of mobile carriers (electrons or holes) through an 
insulating region (in this case, the ferroelectric materials). It is one of the factors that 
limit the performance of semiconductor devices. The leakage currents of the film samples 
were probed by using Keithley 6430 Sub-Femtoamp Remote Source Meter (Keithley, 
US). It measures the current flow across the film under an applied dc voltage. The 
applied electric field used in this project was between 0 – 300 kV/cm.  
 
2.2.9. Secondary Ion Mass Spectroscopy (SIMS) 
 
SIMS is a characterization technique to analyze the trace elements in materials. It 
combines high sensitivity (able to detect elements present in the parts per billion range) 
with elemental selectivity and is able to analyze all elements in the periodic table 
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including isotops. In this study, SIMS was used to characterize the depth profile of the 
heterolayered PZT films whereby the compositional variation across the film thickness 
could be monitored. The standard configuration of SIMS uses primary ion beam (in this 
study, Ar ion was used) to bombard and remove the atoms from a solid surface. The 
sputtering process is shown schematically in Figure 2.7. During the bombardment, the 
energy of the primary ions is transferred into the near-surface region of the sample 
through a series of binary collisions with atoms in the sample. The sputtered atoms are 
uncharged atoms with a small fraction are ejected as positive and negative (secondary) 
ions which represent the chemical composition of the sample. They are then collected by 
an electric field and focused into a mass spectrometer. After exiting the spectrometer, the 
mass-separated ions are detected by an ion-to-electron converter [57, 65]. The depth 
profiles can be obtained by monitoring the secondary ion count rate of selected elements as 
a function of time. 
 
 
Figure 2.7 Schematic of the sputtering process of primary ions and the removal 
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CHAPTER 3  





In this chapter, the heterolayered PZ70T30 films are studied systematically for the phase 
present, microstructure and electrical properties. Comparisons are made between the 
heterolayered PZ70T30 thin films and the multilayered PZT thin films, i.e. six-layered 
PZ70T30 and six-layered PZ30T70 films, in order to demonstrate how the heterolayered 
structure affects the structural and electrical properties of the films. Six- ayered PZ70T30, 
six-layered PZ30T70, and PZ70T30 6-heterolayer thin films with similar thickness were 
fabricated by sol-gel technique explained in Chapter 2. The schematic of the six-layered 
PZT and heterolayered PZ70T30 thin films is shown in Figure 3.1. 
 
 
Figure 3.1 Schematic diagrams of (a) the six-layered PZ70T30, (b) the six-layered 
PZ30T70, and (c) the PZ70T30 6-heterolayer thin films. 
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The XRD traces of the thin films are shown in Figure 3.2. They are fully crystallized 
consisting of a single perovskite phase. It is of interest to observe that the stacking of 
alternating PZ70T30 and PZ30T70 layers with baking at 500 °C and annealing at 650 °C 
results in a (001)/(100) preferred orientation heterolayered PZT film. Although (100) 
preferred orientation is observed in six-layered PZ30T70 film, (001) preferred orientation 
is not observed for six-layered PZ70T30 film, which was polycrystalline with no preferred 
orientation. The mechanism behind the formation of (001)/(100) preferred orientation in 
the heterolayered PZT film will be discussed further. Moreover, this result is of interest 
since the oriented PZT thin films have better ferroelectric properties as compared to the 
randomly aligned PZT films [66, 67], which make them desirable for application wise. 
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Figure 3.2 XRD traces of the six-layered PZ70T30, six-layered PZ30T70, and 
PZ70T30 6-heterolayer after thermal annealing at 650 ºC for 1 hour. 
 
3.2.2. Preferred (001)/(100) Orientation in Heterolayered PZ70T30 Films 
 
To study on the formation of the (001)/(100) preferred orientation in heterolayered PZT 
films, PZ70T30 and PZ30T70 films with one layer each were fabricated. Figure 3.3 shows 
the XRD traces of the single layered PZT before and after the annealing. Before the 
annealing at 650 ºC, single layered PZ70T30 exhibits a pyrochlore structure, while the 
single layered PZ30T70 is crystallized forming a perovskite phase with (100) preferred 
orientation. It indicates that the Ti-rich PZ30T70 film can crystallize and form perovskite 
phase at a lower temperature than Zr-rich PZ70T30 film. Pyrochlore phase is still observed 
for the single layered PZ70T30 film even when the baking time is prolonged to 14 minutes 
as shown from the XRD traces in Figure 3.4, showing the stability of pyrochlore phase in 
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PZ70T30. The strong (100) preferred orientation in the six-layered PZ30T70 film is 
observed because (100) is the energetically favored growth plane as it has low interfacial 
energy [68, 69]. Chen et al. [70] and Brooks et al. [68] also reported that (100) textured 
PZT films were obtained when the films were pyrolised in the temperature region 
between 400 and 550 ºC. With annealing at 650 ºC, the single layered PZ70T30 film 
exhibits a single perovskite phase, but not preferred orientation, while the single layered 
PZ30T70 film maintains the (100) preferred orientation as shown in Figure 3.3.(b). The 
crystallinity of the films increases with annealing temperature as shown by the increase in 
XRD trace intensities. The transformation temperature as a function of PZT composition 
observed in the single layered PZT thin films is in accordance with those that have been 
reported. For PZT thin films, the formation of crystalline perovskite phase from 
amorphous phase follows the route of: amorphous ¨ pyrochlore ¨ perovskite. Ti-rich 
PZT can form perovskite easily while Zr-rich PZT form metastable pyrochlore phase 
transforms to perovskite phase at higher temperatures, since the stability of pyrochlore 
phase is higher in Zr-rich PZT film [71]. This is also supported by the observation of 
Kwok et al. [72] showing that Ti-rich PZT has a lower activation energy for perovskite 
nucleation than Zr-rich PZT and hence, complete perovskite transformation can happen at 
lower temperatures (500 – 600 ºC) for the Ti-rich PZT films.  
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Figure 3.3  XRD traces of the single layered PZ70T30 and PZ30T70 thin films, (a) 
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By stacking PZ70T30 and PZ30T70 layers in the heterolayered PZ70T30 films, the PZ30T70 
layer can facilitate the crystallization of the PZ70T30 seeding layer during baking process 
such that PZ70T30 crystallizes followed the preferred orientation of PZ30T70 layer. The 
PZ30T70 layer actually lowers the perovskite nucleation temperature of the PZ70T30 
seeding layer, resulting in the formation of perovskite phase with (001) preferred 
orientation upon baking, which is not observed in the six-layered PZ70T30 film. This is 
apparent from the XRD traces of PZ70T30 2-heterolayer film (heterolayered PZ70T30 
consisting of a layer of PZ70T30 and PZ30T70, please see Figure 4.1 (a)) after baking 
shown in Figure 3.5, where the majority of the PZ70T30 2-heterolayer has formed 
perovskite phase with (001)/(100) preferred orientation, although a weak trace of 
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pyrochlore phase (hump at 29.5º) was observed. Upon annealing at 650 ºC, the film 




Figure 3.5 XRD traces of the PZ70T30 2-heterolayer before and after thermal 





In this section, the microstructures of the multilayered PZT films and heterolayered 
PZ70T30 thin film are analyzed by using SEM and AFM and compared. The average 
thicknesses of the films were measured from the cross section of the SEM images. 
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The cross-sectional SEM views of the multilayered and heterolayered PZT films are 
shown in Figure 3.6(a) – (c). All films show a dense microstructure with no visible 
porosity being observed, together with a good adhesion with the substrate. Six-layered 
PZ70T30 and PZ70T30 6-heterolayer films appeared to have granular structure, while six-
layered PZ30T70 film appeared to be of a columnar structure. The thickness of the films 
were measured and averaged from 10 positions selected randomly for each film. The 
tabulation of each film average thickness is presented in Table 3.1. The average thickness 
of six-layered PZ70T30, six-layered PZ30T70, and PZ70T30 6-heterolayer films were 440.75 
nm, 411.02 nm, and 444.61 nm, respectively.  
 
 
Figure 3.6 SEM images showing the cross section of (a) six-layered PZ70T30, (b) 
six-layered PZ30T70, and (c) PZ70T30 6-heterolayer. 
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Table 3.1 Average thicknesses of six-layered PZT and heterolayered PZ70T30 
films. 
 Six-layered PZ70T30  Six-layered PZ30T70  PZ70T30 6-heterolayer 
Thickness 440.75 ± 7.09 nm 411.02 ± 6.50 nm 444.61 ± 5.64 nm 
 
Surface Morphology 
The plane SEM views of the films are shown in Figure 3.7(a)-(c). The heterolayered 
PZ70T30 film shows another interesting observation whereby it has a rather different 
microstructure from the multilayered films. The grain size of PZ70T30 6-heterolayer is in 
the range of 1 – 3 μm [see Figure 3.7(c)] which is unusually large for 450 nm thick PZT 
film. Its grain size is also much larger than that of the multilayered PZT film. Six-layered 
PZ30T70 film has small grains in the size range of 40 – 100 nm, while six-layered PZ70T30 
film has rosette structure [see Figures 3.7(a) – (b)]. The heterolayered structure gives rise 




Chapter 3: Multilayered and Heterolayered PZ70T30 Thin Films 
 
Figure 3.7 SEM images showing the microstructure of (a) six-layered PZ70T30, 





Figure 3.8(a) – (c) show the surface morphology of the multilayered and heterolayered 
PZT thin films as observed by AFM. In consistence with the observation made by using 
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SEM, the six-layered PZ70T30 film exhibits a rosette structure, while the six-layered 
PZ30T70 film has small grains, in contrast to the PZ70T30 6-heterolayer film which exhibits 
unusually large grains. Another analysis that can be obtained from AFM scanning is the 
roughness of the film. The rosette structure of the six-layered PZ70T30 film causes the 
film to have a very rough surface. The RMS of six-layered PZ70T30 was 13.237 nm which 
is much higher than that of the six-layered PZ30T70 with RMS of 2.307 nm and PZ70T30 6-
heterolayer with RMS of 2.453 nm. The high roughness of six-layered PZ70T30 film is not 
desirable for several applications. By stacking PZ70T30 and PZ30T70 layers and forming 
the heterolayered structure films, one can obtain rosette-free film, together with smoother 
and large-grained PZT thin films. 
 
 
Figure 3.8 AFM images showing the microstructure of (a) six-layered PZ70T30, 
(b) six-layered PZ30T70, and (c) PZ70T30 6-heterolayer thin films. 
 
 
3.3.3. Formation of Large-Grained Heterolayered PZ70T30 Thin Film 
 
As shown by the SEM and AFM images above, the microstructure of the heterolayered 
PZ70T30 thin films exhibits an interesting phenomenon, whereby a large grain size in the 
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range of 1 – 3 μm is observed as shown in Figure 3.7 (c) and 3.8 (c). This is a rather 
unusual grain size for PZT thin film which normally has grain size in the range of 30 – 
600 nm [73-75]. Large grain sizes of 1.5 – 2.8 μm were only reported in PZT thick films 
(0.6 – 2.4 μm) by Park et al. [76]. Yet, the thick film was cracked which is not a desirable 
behavior. However, in the samples investigated in the present work, large-grained 
heterolayered PZT films can be obtained as thin as 150 nm in thickness (PZ70T30 2-
heterolayer, please see Figure 4.4 (a)) and they can be retained up to 450 nm thickness 
(PZ70T30 6-heterolayer) with no crack formation observed. 
  
As the microstructure of a ferroelectric film can be influenced by the types of substrate 
material and the seeding/underlying layer, the effect of these were studied to understand 
the formation mechanism of the large grain sizes in the heterolayered PZT films. To 
investigate the substrate effect on the microstructure of the heterolayered PZT films, the 
heterolayered PZT films were fabricated on other two different types of substrates, i.e. 
SRO/Pt/Ti/SiO2/Si and SRO/STO. Figure 3.9 shows the SEM images of the PZ70T30 2-
heterolayer films deposited on SRO/Pt/Ti/SiO2/Si and SRO/STO, respectively. As 
observed, the heterolayered PZT films demonstrates large grain sizes despite the usage of 
different substrates. The grain size of heterolayered PZT on SRO/Pt/Ti/SiO2/Si is in the 
range of 0.8 – 2.5 μm, while the grain size of heterolayered PZT on SRO/STO is in the 
range of 0.6 – 2 μm. Based on these observations, one can then eliminate the influence of 
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Figure 3.9  SEM micrographs of PZ70T30 2-heterolayer thin films on (a) 
SRO/Pt/Ti/SiO2/Si and (b) SRO/STO substrates. 
 
The influence of seeding layer on the formation of the unusual large grain size was 
investigated by changing the stacking sequence of the heterolayered films, by using 
PZ30T70 to act as the seeding layer. By changing the stacking sequence of the film 
deposition, it is observed that the microstructure of heterolayered PZ30T70 film has very 
small grain size, unlike the heterolayered PZ70T30 counterpart, suggesting the role of 
seeding layer as the main factor influencing the microstructure in heterolayered PZ70T30 
films. As shown in Figure 3.10, PZ30T70 2-heterolayer and PZ30T70 6-heterolayer exhibit 
small grain sizes in the range of 80 – 250 nm, which was 8% smaller than the grain size 
of PZ70T30 2-heterolayer and PZ70T30 6-heterolayer. Thus, the unusual large grain size 
observed for heterolayered PZ70T30 film is attributed to the PZ70T30 seeding layer.  
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Figure 3.10 SEM micrographs of (a) PZ30T70 2-heterolayer and (b) PZ30T70 6-
heterolayer thin films. 
 
Further investigations were then made on the microstructure of the single layered PZ70T30 
and PZ30T70 films with thickness of 70 nm each, in order to have a better understanding 
on the formation of the coarse microstructure observed for heterolayered PZ70T30 films. 
From the AFM images shown in Figure 3.11, it is observed that after baking, single 
layered PZ30T70 film shows well-defined and homogenous nanograins while the single 
layered PZ70T30 film has no well-defined grains. These corresponded to the XRD traces 
discussed in Section 3.3 and shown in Figure 3.3(a), where it is observed that the single 
layered PZ30T70 film layer is fully crystallized perovskite phase, and the single layered 
PZ70T30 film is still of pyrochlore phase at 500 ºC. After annealing at 650 ºC, the grains 
of the single layered PZ30T70 film are coarsened due to grain growth with roughness of 
4.174 nm. This is much lower than the roughness of the single layered PZ70T30 film 
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which has crystallized into the perovskite phase, as shown in Figure 3.11(c). The 
roughness of single layered PZ70T30 film was 7.585 nm. It has been reported that the 
nucleation and growth of the perovskite from a pyrochlore phase matrix may happen at 
different processing temperatures, depending on the composition of the PZT films. It was 
reported that the perovskite transformation is nucleation dependent. The activation 
energy of nucleation is much higher than that for the growth of the perovskite phase, but 
the nucleation activation energy decreases with increasing Ti ratio in the PZT 
composition. According to Kwok et al. [72], the low nucleation energy of PZ30T70 causes 
more nuclei to be formed at lower temperature and the grain size is determined only by 
the spacing between nuclei. The high nucleation energy of PZ70T30 gives rise to fewer 
nuclei to be formed and most of the nuclei can grow into much larger grains. 
 
Figure 3.11 AFM images of single layered (a) PZ70T30 and (b) PZ30T70 thin films 
after baking at 500 ºC and single layered (c) PZ70T30 and (d) PZ30T70 thin films after 
annealing at 650 ºC. 
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In heterolayered PZ70T30 films, it is observed that upon baking at 500 ºC, large grains are 
observed in PZ70T30 2-heterolayer as shown by the AFM images in Figure 3.12. 
Furthermore, majority of these grains are of perovskite phase as observed previously 
from the XRD traces in Figure 3.5. Based on these observations, they are of help to 
understand the formation of the unusually large grains in heterolayered PZ70T30 thin 
films. The PZ30T70 layer helps the nucleation of the perovskite phase in PZ70T30 seeding 
layer by lowering the nucleation barrier such that the nucleation can happen at a lower 
temperature. The lower nucleation barrier can be explained by the similar lattice 
parameters between PZ70T30 (a ~  4.111 Å) [20] and PZ30T70 (a ~ 3.967 Å and c ~ 4.125 
Å) [73]. With further baking and annealing processes, the nuclei of PZ70T30 grows and 
determines the microstructure of the PZ30T70 layer, resulting in an overall large grained 
PZT thin film. 
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3.4. Ferroelectric Properties 
 
 
The heterolayered PZ70T30 film shows superior ferroelectric properties than those of the 
multilayered films as observed from the P-E hysteresis loops shown in Figure 3.13. 
PZ70T30 6-heterolayer demonstrates a Pr of 41.3 μC/cm2 and a Ec of 131 kV/cm, which 
are much higher than the six-layered PZ70T30 with Pr of 21.7 μC/cm2 and Ec of 58.6 
kV/cm and six-layered PZ30T70 with Pr of 26.1 μC/cm2 and Ec of 101 kV/cm. The Pr of 
the heterolayered PZ70T30 film is almost double of the values of the six-layered PZT film. 
It is also comparable to the Pr of PZT(52/48) film which is known for its superior 
ferroelectric properties. Thus, by tailoring the heterolayered PZT film, one can obtain a 
remarkable improvement in the ferroelectric properties. 
 
From the hysteresis loops, it is observed that the six-layered PZ70T30 film with 
rhombohedral structure has a hysteresis loop with lower coercive field, which is a 
phenomenon that had been reported [2, 77].  
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Figure 3.13 Hysteresis loops of (a) six-layered PZ70T30, (b) six-layered PZ30T70, 
and (c) PZ70T30 6-heterolayer. 
 
 
3.5. Dielectric Properties 
 
Figure 3.14 shows the relative permittivity and dielectric loss of the multilayered and 
heterolayered films measured in the frequency range of 102 – 106 Hz with an ac 
amplitude of 0.1 V at room temperature (25 ºC). Similar to the ferroelectric properties 
discussed above, the heterolayered PZT film also has superior relative permittivity 
compared to that of the multilayered PZT thin film. At 1 kHz, PZ70T30 6-heterolayer 
shows a relative permittivity of 710 which is much higher than the relative permittivities 
of six-layered PZ70T30 (ε = 608) and six-layered PZ30T70 (ε = 439) at the same frequency. 
The dielectric loss of PZ70T30 6-heterolayer (tan δ = 0.035) is among those of six-layered 
PZ70T30 (tan δ = 0.068) and six-layered PZ30T70 (tan δ = 0.025) at 1 kHz. The high 
dielectric loss of six-layered PZ70T30 at lower frequency is due to the high lead loss that 
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causes the formation of rosette structure as observed from the SEM and AFM images 
shown in section 3.2 and 3.3. Six-layered PZ30T70 has a small dielectric loss due to the 
smoother surface and densely packed microstructure.  
 
Figure 3.14 The relative permittivity and dielectric loss of (a) six-layered PZ70T30, 
(b) six-layered PZ30T70, and (c) PZ70T30 6-heterolayer. 
 
 
3.6. Enhancement of Ferroelectric and Dielectric Properties in 
Heterolayered PZ70T30 Thin Film 
 
There have been no detailed studies on the observed enhanced properties in heterolayered 
PZT thin films. Most of the previous studies on heterolayered PZT films consider that the 
enhanced properties of these films are contributed by the existence of interfaces between 
the rhombohedral and tetragonal layers, either MPB phases or monoclinic phase with a 
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large relative permittivity [53, 54, 78, 79]. This argument is supported by comparing the 
experimental relative permittivity with the theoretical value calculated by series 
connection capacitor model. It was found that the experimental relative permittivity of 
the heterolayered PZT film is much higher than the theoretical value. Thus, the 
heterolayered PZT film cannot be explained as merely the sum of each individual thin 
film. Other investigators suggested that stress or strain and coupling between the 
rhombohedral and tetragonal layers is the cause of the enhancement [8, 50]. Zhou et. al. 
[8] further suggested that the strain induced in the rhombohedral layer gave rise to a 
compressive stress in the adjacent tetragonal layer which could cause reorientations of 
domains (domain switching). 
 
Based on the above understandings, this project will focus on the following two likely 
mechanisms, namely: 
i) The interfacial layers between the alternating PZ70T30 and PZ30T70 layers 
(PZ70T30/PZ30T70 interfacial layers); and 
ii) The coupling between the alternating rhombohedral and tetragonal layers, which 
can well cause stress/strain and induce domain switching. 
 
To have a better understanding on the origin and operating principle of the enhanced 
electrical behavior of the heterolayered PZ70T30 thin films, the interfacial layers between 
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3.6.1. Interfacial Layers 
 
3.6.1.1.Series Connection Capacitor Model 
The ferroelectric PZT films with metal electrodes can be modeled as ferroelectric layers 
stacked in series with interfacial layers [30, 80-83]. The presence of interfacial layers in 
the heterolayered PZT thin film and its influence towards the capacitance of the film can 
be investigated by using the series connection model. The plot of the reciprocal 
capacitance of the film versus thickness will give a straight line. The relative permittivity 
is then given by the slope of the straight line while the interfacial capacitance is 
determined from the intercept of the reciprocal capacitance. 
 
To determine if the interfacial layer is actually accountable for the observed superior 
relative permittivity in heterolayered PZ70T30 film, three scenarios can be considered for 
comparisons. The first scenario is that there is no interfacial layer present in the 
heterolayered films. In the second scenario, the presence of electrode/film interfacial 
layers is considered. In the third scenario, both electrode/film interfacial layers and 
PZ70T30/PZ30T70 interface layers are considered. The schematic diagrams for scenarios 1 – 
3 are shown in Figure 3.15. The theoretical calculation for each scenario (Equation (3.1) 
– (3.3)) are presented and discussed below. 
 
Scenario 1 : No interfacial layers 
In scenario 1, the PZ70T30 and PZ30T70 layers of the films can be considered to be isolated 
layers with no interaction with each other and with the top and bottom electrodes. The 
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C εεεεε , (3.1) 
where C is the capacitance of the film, dt is the total thickness of the film, εf is the relative 
permittivity of the film,  and are the thicknesses of PZ70T30 layer and 







ε  and 
7030TPZ
ε are the relative permittivities of PZ70T30 
layer and PZ30T70 layer, respectively. 
 
Scenario 2 : With electrode/film interfacial layers 
In scenario 2, electrode/film interfacial layers are considered. The theoretical capacitance 






























εεεεεεε ,  (3.2) 
where  and are the thicknesses of interfacial layer between Pt and 





/, PZPtiε and Au/T7030PZi,ε are the relative permittivities of interfacial layer between Pt and 
PZ70T30 layer and interfacial layer between PZ30T70 layer and Au, respectively. 
 
Scenario 3 : With electrode/film and between film layers (PZ70T30/PZ30T70) interfacial 
layers 
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In scenario 3, electrode/film and PZ70T30/PZ30T70 interfacial layers are considered. The 











































ε  are the thickness and relative permittivity of 
interfacial layer between PZ70T30 and PZ30T70 layers, respectively. 
 
 
Figure 3.15 Schematic diagram of the capacitor structure for scenario 1 (no 
interfacial layers), scenario 2 (with electrode/PZT film interfacial layers), and 
scenario 3 (with PZ70T30/PZ30T70 interfacial layers). 
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To calculate the theoretical relative permittivity of the heterolayered PZT film for each 
scenario, first of all, the theoretical relative permittivity of PZ70T30 and PZ30T70 should be 
































































εεεεεεε    (3.5) 
As the thickness of the interfacial layer is very small when compared to the total 
thickness (di << dt), the thickness of the film can be considered as the total thickness, dt. 






























































εεεε    (3.7) IIA
with the capacitance of the interfacial layer between PZT film and the electrodes are 
represented by AI and AII for PZ70T30 and PZ30T70 films, respectively. The theoretical 
values of relative permittivity of each film are calculated to be 734 and 662 for PZ70T30 
and PZ30T70, respectively, by plotting and fitting the thickness of the multilayered films 
against the reciprocal of its capacitance as shown in Figure 3.16. From the fitting, the 
value of AI and AII can also be determined. The value of AI and AII obtained are 0.3041 
and 1.2344, respectively.  
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ε . As these values cannot be calculated from the multilayered PZT films, 
two sets of samples are prepared as schemed in Figures 3.17 and 3.18. A layer of PZ70T30 
is deposited at the bottom as in Figure 3.17 (PZ70T30_PZ30T70(m)) or at the top as in 
Figure 3.18 (PZ30T70(m)_PZ70T30), while PZ30T70 layers are varied in thickness.  
 
Figure 3.17 Schematic diagram of PZ70T30_PZ30T70(m), where a layer of PZ70T30 
was deposited at the bottom followed by various numbers of PZ30T70 layers on top. 
 
 
Figure 3.18 Schematic diagram of PZ30T70(m)_PZ70T30, where various number of 
PZ30T70 layers were deposited at the bottom followed by a layer of PZ70T30 on top. 
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εεεε    (3.9) IVA
By plotting and fitting the thickness of the PZ30T70 layers against the reciprocal of its 
capacitance, the value of AIII and AIV are determined as shown in Figure 3.19, which gives  
AIII and AIV values of 1.2247 and 1.0581, respectively. 
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Figure 3.19 Reciprocal capacitance as a function of the PZ30T70 layer thicknesses 
of PZ70T30_PZ30T70(m) and PZ30T70(m)_PZ70T30 thin films, respectively. 
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ε could not be calculated separately from AIII in 


































AA εε − , (3.10) 
which is 0.2411. 
 







ε  can be further calculated by taking into account that there is 
an interfacial layer between the PZ70T30 and PZ30T70 layers in both PZ70T30_PZ30T70(m) 
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AAAA εεε     (3.13) 
Since the theoretical relative permittivity of PZ70T30 layer, AI, and AII values can be 
determined from Equation (3.6) and (3.7) and the thickness of one layer of PZ70T30 is ~70 
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ε which is 0.0996. 













ε  can be calculated from the 




























AA εεε −− . (3.12) 
It is calculated to be 0.1415. 
 
As the variables in Equation (3.1) – (3.3) have been determined as summarized in Table 
3.2, the theoretical permittivity of PZ70T30 6-heterolayer then can be calculated and 
compared to the experimental value as shown in Figure 3.20. It is observed that the 
experimental value of relative permittivity is above the theoretical value of relative 
permittivity where no interfacial is considered. The presence of interfacial layers between 
the alternating PZ70T30 and PZ30T70 layers would actually lower the relative permittivity 
of the heterolayered films. Thus, the high dielectric properties of heterolayered films 
cannot be attributed to the presence of PZ70T30/PZ30T70 interfacial layers. 
 


























Scenario 1 734 662 − − 
Scenario 2 734 662 0.2411 − 
Scenario 3 734 662 0.1415 0.0996 
 67
Chapter 3: Multilayered and Heterolayered PZ70T30 Thin Films 
 
Figure 3.20 Comparison of the values calculated from scenarios 1 (■), 2 (▲), and 
3 (•) with experimental result () for the heterolayered PZT thin films. 
 
3.6.1.2.Different Baking Time 
To further confirm the effect of the interfacial layers between the alternating PZ70T30 and 
PZ30T70 layers on the heterolayered films, a six-heterolayered sample with baking time of 
3 minutes was prepared. Heterolayered films with 3 minutes and 7 minutes baking time 
are coded as PZ70T30 6-heterolayer (3min) and PZ70T30 6-heterolayer (7min), 
respectively. In order to rule out the crystallinity factor that can affect the electrical 
properties of thin film, the PZ70T30 6-heterolayer (3min) film was heated for another 24 
minutes such that the total baking time for both films was the same, after the six layers 
were deposited. All these film samples were annealed for 1 hour at 650 °C by RTP. Their 
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3.6.1.2.1. Phase Identification 
Figure 3.21 shows the XRD traces of the heterolayered films with different periods of 
baking time. Both films show preferred orientation at (001)/(100) directions. It is 
observed that their crystallinitiess are similar, as shown by the rather small difference in 
intensity. For example, the difference in the peak intensities of PZ70T30 in PZ70T30 6-
heterolayer (7min) at 2θ of 21.62° and 31.04° with those of PZ70T30 6-heterolayer (3min) 
film are only ~25%. 
 
Figure 3.21 XRD traces of PZ70T30 6-heterolayer with baking time of 3 and 7 
minutes. 
 
3.6.1.2.2. Ferroelectric Properties 
The ferroelectric properties of the heterolayered films with different periods of baking 
time are shown in Figure 3.22. The Pr of PZ70T30 6-het (7min) is almost double of that of 
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PZ70T30 6-het (3min). PZ70T30 6-het (3min) demonstrates a respective Pr of 23.4 μC/cm2 
and Ec of 102.52 kV/cm. 
 
 
Figure 3.22 Hysteresis loops of (a) PZ70T30 6-het (3min) and (b) PZ70T30 6-het 
(7min). 
 
3.6.1.2.3. Dielectric Properties 
The relative permittivity of the heterolayered thin films with different periods of baking 
time, shown in Figure 3.23, gives a similar trend as the polarization behavior. At 1 kHz, 
the relative permittivity of PZ70T30 6-het (3min) is 470 with a dielectric loss of 0.025. 
When compared with the theoretical values calculated from scenarios 1, 2, and 3 as 
discussed in Section 3.6.1.1., the relative permittivity of PZ70T30 6-het (3min) laid 
between scenarios 2 and 3, indicating the effects of interfacial layers in this film.  
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Figure 3.23 The relative permittivity and dielectric loss of (a) PZ70T30 6-het (3min) 
and (b) PZ70T30 6-het (7min). 
 
3.6.1.2.4. SIMS 
In order to confirm the above analysis of relative permittivity which indicated the 
presence of interfacial layer in PZ70T30 6-het (3min), SIMS analysis is then carried out 
and shown in Figure 3.24. The heterolayered film subjected to baking for 3 minutes 
shows a more gradual change when the composition is shifted from Zr-rich to Ti-rich and 
vice versa, than the heterolayered film subjected to baking for 7 minutes. This shows that 
there are more interdiffusional zirconium and titanium atoms between the layers such that 
formation of interfacial layers is more likely. With a longer baking time, each layer has 
sufficient time to crystallize such that diffusion of atoms between the neighboring layers 
becomes more difficult, when compared to the diffusion of atoms between non-
crystallized/amorphous layers.  
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Figure 3.24 SIMS intensity counts of elements in the (a) PZ70T30 6-het (3min) and 
(b) PZ70T30 6-het (7min) over the sputtered depth of 450 nm. 
 
Thus, the observation supports what was discussed in Section 3.6.1.1. whereby the 
presence of interfacial layers between the alternating PZ70T30 and PZ30T70 layers would 
actually degrade the electrical properties of the heterolayered PZ70T30 thin film, as 
observed in PZ70T30 6-het (3min). It can be then suggested that the enhancement in 
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ferroelectric and dielectric properties of the heterolayered PZ70T30 thin film are not due to 
the PZ70T30/PZ30T70 interfacial layers. 
 
3.6.2. Coupling Effect and Domain Switching 
 
The dielectric and ferroelectric properties of a ferroelectric can be analysed from the 
intrinsic (reversible) and extrinsic (irreversible) contributions. The intrinsic contribution 
is related to the ferroelectric and dielectric responses of single domains, whereas the 
extrinsic contribution is related to the domain wall movement. Thus, in enhancing the 
performance of the ferroelectric, one can improve the intrinsic contribution by employing 
a composition close to the MPB, such as in PZT and PMN/PZN—PT, and/or the extrinsic 
contribution by involving domain switching [84, 85]. The ferroelectric domains can be 
switched and manipulated by applying a desired sufficient electric field or/and 
mechanical stress. It has been shown that varying electrical properties can be obtained 
through domain switching, in particular the ferroelastic domain switching [86].  
 
3.6.2.1. Irreversible Polarization from Hysteresis Loops 
Hysteresis is a result of the combination of reversible and irreversible polarization 
processes in the presence of an external field. The reversible polarization (Prev) is 
calculated by substracting the maximum polarization (Pmax) with the 
irreversible/remanent polarization (Pr) according to the following equation [8]: 
Prev = Pmax - Pr         (3.13) 
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Figure 3.25 plots the value of Pr for the multilayered and heterolayered PZT thin films as 
a function of applied field (0 – 1000 kV/cm). It is observed that the Pr of the 
heterolayered is much higher when compared with the multilayered, and it increases 
steadily with increasing applied field. There could be ferroelastic domain movement 
contribution to the hysteresis loop of the heterolayered PZ70T30 film, especially at high 
electric field. Given that the thickness of each layer in the heterolayered thin film is ~ 70 
– 75 nm, any ferroelastic domain movement mechanism can be caused by the strong 




Figure 3.25 The remanent polarization (Pr) of multilayered and heterolayered 
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3.6.2.2. Domain Imaging by PFM 
Further investigations into the domain movement of the heterolayered PZ70T30 film was 
carried out by using PFM. Figure 3.26 shows the high resolution PFM images of PZ70T30 
2-heterolayer, scanned by using ac amplitude of 1.8 V (pk-pk), frequency of 5 kHz and 
scan rate of 0.8 Hz. Figure 3.26(a) corresponds to the film topography which shows the 
large grains of the heterolayered films. Figures 3.26(b) and (c) correspond to the out-of 
plane and in-plane PFM images of the same area, respectively, which reveal the presence 
of twinned nanodomains in a single grain that is usually observable in large-grained bulk 
ceramics. The bright (white) and dark (brown) contrast in the out-of plane and in-plane 
PFM images represented the polarization orientation. A strong response in out-of plane is 
accompanied by weak response in in-plane image and vice versa, indicating that these are 
ferroelastic domains. Formation of twinned domain has long been known as a mechanism 
to reduce the elastic strain energy. In bulk ceramic materials, Arlt et al. [87] showed that 
there is a critical grain size for the twinning to occur in a single grain of ceramic as a 
result of the competition between the elastic energy and the domain wall energy. For thin 
films, the formation of twin domains has been studied both theoretically and 
experimentally in epitaxial tetragonal PZT films [88-91]. However, to our best 
knowledge there have been no reports on twin domain formation in polycrystalline 
ceramics as observed in our heterolayered PZT films. It is suggested that the large-
grained in the heterolayered PZT films, in the range of 1 – 3 μm, is the important factor 
in this phenomenon as the large grains accommodates the twinning domain formation in 
order to reduce the internal elastic strain energy present in the film. This is in line with 
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the Arlt’s model whereby the possibility of twinning domain formation becomes higher 
as the grain size increases.  
 
The cross-sectional profile of grain 1 is drawn both for the out-of plane and in-plane PFM 
images and is shown in Figure 3.26(d). It is observed that the piezo magnitude of both the 
out-of plane and in-plane in a grain are similar but they are in the opposite phase, 




Figure 3.26 (a) Topography of ferroelastic domain structure observed on the 
heterolayered PZ70T30 thin film, (b) corresponding out-of plane, (c) corresponding 
in-plane PFM images, and (d) the cross sectional profiles of the line drawn in grain 1 
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The ferroelastic twin domains in the heterolayered PZ70T30 film is further confirmed from 
the cross-section TEM images, whereby twin domains are observed but only on the top 
PZ30T70 layer, as shown in Figure 3.27. In the PZ70T30 layer, no twin domains are 
observed. The twin domains are further analyzed and they are characterized as c/a/c/a 
polytwin domains which are ferroelastic as they form 90o domain walls to each other.  
 
 
Figure 3.27 Cross section TEM image of the heterolayered PZ70T30 thin film [92]. 
 
The c/a/c/a polytwin domains are commonly seen in tetragonal structure [90]. For 
tetragonal structure, three different structural domains can be formed, as illustrated in 
Figure 3.28. When the c-axis is aligned perpendicular to the film and substrate, it is called 
c-domain. When the a-axis is aligned perpendicular to the film and substrate, it is called 
a-domain. The adjacent a- and c- domains form coherent twin boundaries along {101} 
planes which reduce elastic strain energy by creating 90o domain walls.  
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Figure 3.28 Schematic illustration of the three possible domain configurations of 
tetragonal thin film (adapted from Ref. [90]). 
 
The formation of ferroelastic domains involves the thermomechanical strain and its 
relaxation during film fabrication. The strains may be caused by misfit strain due to 
lattice constant mismatch between the film and substrate at the growth temperature (TG), 
thermal strain due to the mismatch in thermal expansion coefficients during cooling, and 
transformation strain at and below Tc. It is believed that the strains exerted from the 
substrate and rhombohedral layer caused the formation of the polytwin domains in the 
tetragonal layer in order to relax the internal strain energy. 
 
To study on the domain switching of the ferroelastic polytwin domains, we applied dc 
bias on a specific area of the film. Figure 3.29(a) shows the out-of plane PFM image of 
the virgin state of the heterolayered PZ70T30 film, while Figure 3.29(b) shows the in-plane 
PFM image of the same area captured simultaneously. A dc bias of -5 V was then applied 
in the center region with an area of 1 × 1 μm2 as shown in Figures 3.29(c) and (d). 
Interestingly, it is observed that there was major reconstruction of the domain 
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orientations, characterized by complex 90o twin domain switching, at the area where dc 
bias was applied. Another interesting observation is that the poled area appears to be 
protruding. This may be caused by an increase of domain volume during poling which 
eventually supports the domain reconstruction to happen.  
 
 
Figure 3.29 Domain reconstruction of heterolayered PZ70T30 film under electric 
field influence. (a) Out-of plane PFM image of the heterolayered PZT thin films in 
the virgin state and (c) out-of plane PFM after applying -5 V DC bias. Figures (b) 
and (d) are the corresponding in-plane PFM images to figures (a) and (c), 
respectively [92]. 
 
In another region, we applied both positive and negative dc bias. Figures 3.30(a) and (b) 
show the out-of plane and in-plane PFM image of the area at virgin state. Figures 3.30(c) 
and (d) are the out-of plane and in-plane PFM images, respectively, after a negative (-10 
V) dc bias was applied at the center region with an area of 500 × 500 nm2. It is observed 
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that there is a change in the contrast of the domain images which indicates domain 
switching on the poled area. This is further confirmed from the cross sectional profile 
drawn at the out-of plane PFM images before and after poling (Figure 3.30(g)) which 
shows the changes in the piezo signal. However, a different domain switching occurs on 
the bottom diagonal region whereby 90o twin domain reconstruction was observed. When 
positive (+10 V) dc bias was then applied on the same region, the top diagonal region 
relaxes back to the original phase while the bottom diagonal region has further 
ferroelastic domain reconstruction as shown from the out-of plane and in-plane PFM 
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Figure 3.30 (a) Out-of plane PFM image of the heterolayered PZ70T30 thin film in 
the virgin state, (b) out-of plane PFM image after applying -10 V DC bias, (c) out-of 
plane PFM image after applying reverse bias (+10 V)in the same region. Figures (d), 
(e) and (f) are the corresponding in-plane PFM images to figures (a), (b) and (c) 
respectively, and (g) the cross sectional profile of the line in figure (a) and (b) [92]. 
 
It has been shown that the unique ferroelastic twin domain formation observed only on 
the top tetragonal layer with an underlying rhombohedral layer is ferroelastically active, 
susceptible to external field. As the domain reconstruction can happen inside the grain, it 
means that the bottom rhombohedral layer plays an important role in the process of the 
domain reconstruction. It is suggested that the strained rhombohedral layer is electrically 
active and under applied field, the strain exerted from the rhombohedral layer causes the 
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domain reconstruction to happen to the coupled tetragonal layer. This process also 
eventually leads to giant piezoelectric properties confirmed by d33 measurements as 
shown in Figure 3.31. The heterolayered PZ70T30 film has d33 of nearly 220 pm/V, which 
is about 300% of a constrained monodomain thin film. 
 
 
Figure 3.31 Piezoelectric coefficient d33 of heterolayered PZ70T30 thin film [92]. 
 
Based on these observations, it is then confirmed that the ferroelastic domain switching 
promoted by the coupling between the alternating rhombohedral and tetragonal layer with 
ferroelastically active domains is the cause of the observed superior properties in 
heterolayered PZ70T30 thin films compared to the multilayered PZT films. Under external 
field, the ferroelastic domains are mobile and undergo domain reconstruction and they 








Heterolayered PZ70T30 film with (001)/(100) preferred orientation and unusually large 
grain size shows superior properties than those of the multilayered PZT films. The 
formations of (001)/(100) preferred orientation and large grain heterolayered PZ70T30 film 
are attributed to the low nucleation temperature of PZ30T70 layer which induces/helps the 
nucleation of PZ70T30 layer following PZ30T70 (100) preferred orientation at a lower 
temperature. In return the PZ70T30 layer, acting as seeding layer, influences the 
microstructure of PZ30T70 layer and the overall film. Based on series connection capacitor 
model, it is observed that the PZ70T30/ PZ30T70 interfacial layer does not contribute to the 
enhanced properties of the heterolayered PZ70T30 film as this interfacial layer would 
lower the heterolayered film properties. This is further confirmed by studying 
heterolayered films fabricated with different periods of baking time which shows that 
heterolayered film with a wider interdiffusional length at the interface had inferior 
properties. Through the studies from PFM domain imaging and TEM images, it is 
observed that a unique ferroelastic polytwin domain which only exists on the top 
tetragonal layer is created. These poytwin domains are ferroelastically active as they are 
mobile and undergo domain reconstruction under applied field. It is suggested that the 
coupling between the strained rhombohedral and tetragonal layer in heterolayered 
PZ70T30 film causes the switching of ferroelastic domains and results in the observed 
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CHAPTER 4 
 
HETEROLAYERED PZT FERROELECTRIC THIN FILMS 




As mentioned in section 1.4, PZT thin films show rather different properties at varying 
thicknesses, especially when metallic electrodes, such as platinum, are used. This has 
become a limitation of PZT thin film for several potential applications. Thus, it is of great 
interest to study the influence of thickness in heterolayered PZ70T30 thin films on their 
electrical behavior. Heterolayered PZ70T30 thin film with two- (coded as PZ70T30 2-
heterolayer), four- (coded as PZ70T30 4-heterolayer), and six- (coded as PZ70T30 6-
heterolayer) alternating layers as shown in Figure 4.1 were prepared with the same 
fabrication technique as explained in Section 2.1. Their microstructure and electrical 




Figure 4.1 Schematic diagrams of PZ70T30 (a) 2-heterolayer, (b) 4-heterolayer, 
and (c) 6-heterolayer thin films. 
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4.2. Phase Identification 
 
Figure 4.2 shows the XRD traces of the heterolayered PZ70T30 thin films with different 
numbers of alternating layers. No secondary phases are detected confirming that the films 
are fully crystalline and of a single perovskite phase. The peaks correspond to the 
rhombohedral and tetragonal phases present in the films. With baking at 500 ºC and 
annealing at 650 °C, the films demonstrate a (001)/(100) preferred orientation.  
 
 
Figure 4.2  XRD traces of PZ70T30 2-heterolayer, PZ70T30 4-heterolayer, and 
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4.3.  Microstructure  
 
There have been studies showing that the films morphologies are dependent on the film 
thickness. Park et al. [76] showed that the grain size of the ferroelectric thin film 
increases with thickness, but the thicker film is accompanied with the formation of 
cracks. In this section, the microstructures of the heterolayered PZ70T30 thin films of 
different thicknesses were studied by using SEM and AFM. Besides the investigations 
into the film microstructures, the thicknesses of the films were measured from the cross-





Figure 4.3 shows the cross section of the heterolayered PZ70T30 thin films from which 
one could measure the thickness of each film. The tabulation of each film average 
thickness is presented in Table 4.1. From the cross section images, all of the 
heterolayered PZ70T30 films appear to have granular structure.  It is observed that the 
films are dense with a good adhesion with substrate.  
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Figure 4.3 SEM images showing the cross section of (a) PZ70T30 2-heterolayer, 
(b) PZ70T30 4-heterolayer, and (c) PZ70T30 6-heterolayer thin films. 
 
Table 4.1 Average thicknesses of heterolayered PZ70T30 films. 
 PZ70T30 2-heterolayer PZ70T30 4-heterolayer PZ70T30 6-heterolayer 
Thickness 153.33 ± 7.95 nm 274.11 ± 6.58 nm 444.61 ± 5.64 nm 
 
Surface Morphology 
The surface morphologies of the films are shown in Figure 4.4. It is observed that the 
microstructures of the heterolayered PZ70T30 films are dense with large grains in the 
range of 1 – 3 μm and they do not change with increasing thickness. It is of interest to 
note that the large grain size can be formed for heterolayered PZT films with a thickness 
as low as 150 nm, which has not been reported for any PZT thin films before. 
Furthermore, no rosette structure is observed in the heterolayered PZ70T30 films, which is 
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favorable for application purposes. The formation of the unusually large grain size in 
heterolayered PZ70T30 thin films has been studied in Section 3.3.3. 
 
 
Figure 4.4 SEM images showing the microstructure of (a) PZ70T30 2-heterolayer, 
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4.3.2. AFM 
 
The AFM images show a consistent observation as the SEM images, whereby it can be 
concluded  that the heterolayered PZ70T30 thin films exhibit unusually large grain sizes, in 
the range of 1 – 3 μm, which is almost independent of thickness. 
 
 
Figure 4.5 AFM images showing the microstructure of (a) PZ70T30 2-heterolayer, 
(b) PZ70T30 4-heterolayer, and (c) PZ70T30 6-heterolayer thin films. 
 
 
4.4. Dielectric Properties 
 
The heterolayered thin films show an apparent improvement in electrical behavior with 
increasing number of layers and film thickness as can be observed in Figure 4.6. The 
relative permittivity of PZ70T30 6-heterolayer at 1 kHz is measured to be 710, which is 
much higher than that of PZ70T30 2-heterolayer (ε = 325) and PZ70T30 4-heterolayer (ε = 
476). As the three films have similar grain sizes as observed from the SEM and AFM 
images, the grain size effect is not accountable for the observed change in dielectric 
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properties with decreasing film thickness. Some previous researchers had reported similar 
observation, not only in PZT but also in other ferroelectric materials such as BST, and 
they suggested that the decrease in relative permittivity with decreasing film thickness 
were due to the presence of a thin low permittivity interfacial layer formed between the 
film and the top/bottom metal electrodes[30, 81, 93-96].  
 
 
Figure 4.6 Dielectric properties of the heterolayered PZ70T30 thin films. 
 
To investigate the electrode/film interfacial layers in heterolayered PZ70T30 films and 
understand their influences on the dielectric properties, the series connection capacitor 
model is again applied from which the theoretical relative permittivity can be calculated. 
The theoretical values can then be compared with the experimental values. As it has been 
shown in Section 3.6.1.1, dielectric properties of the heterolayered films cannot be 
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attributed to the presence of PZ70T30/PZ30T70 interfacial layers, we only therefore 
considered the presence of electrode/film interfacial layers. Two scenarios are considered 
for the heterolayered thin films, i.e., without and with involving the electrode/PZT 




Figure 4.7 Schematic diagram of the capacitor structure for scenario 1 (no 
electrode/PZT film interfacial layer) and scenario 2 (with electrode/PZT film 
interfacial layer). 
 













ε calculated in Section 3.6.1.1 are used again for the calculations 
for each scenario. The comparisons of the two scenarios with the experimental results are 
plotted in Figure 4.8, which shows that the experimental permittivity of the PZ70T30 2-
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heterolayer and PZ70T30 4-heterolayer films are closer to scenario 1 where electrode/PZT 
interfacial layers contribution are considered, while the PZ70T30 6-heterolayer film is 
higher than the value where no electrode/PZT interfacial layers are considered. Thus, the 
presence of low-ε electrode/PZT interfacial layer plays an important role in the observed 
relative permittivity for the PZ70T30 2-heterolayer and PZ70T30 4-heterolayer thin films, 
where the overall film thickness is smaller, as compared to that of the PZ70T30 6-
heterolayer thin film.  
 
 
Figure 4.8 Comparison of the values calculated from scenario 1 and 2 with 
experimental results for the heterolayered PZ70T30 thin films. 
 
The thickness of the low-ε interfacial layer is estimated to be 20 nm as reported by Lee et 
al. [81]. Although the thickness may differ for different systems [31, 97], the thickness of 
this interfacial layer is much smaller than the ferroelectric layer. The origin of the low-ε 
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interfacial layers is suggested to be due to several mechanisms. The first mechanism is 
the formation of Schottky depletion layer [81, 98]. It is commonly known that the PZT 
film behave as an n-type semiconductor due to the high concentration of oxygen 
vacancies at the interface (between 1018 – 1021 cm-3) [99]. Upon the film contact with the 
metal electrodes (Pt at the top and Au at the bottom in the present case), Schottky 
depletion layer is formed due to the different work functions of the ferroelectric film and 
the metal electrodes. The electrode/PZT interfacial layer is also known as the depletion 
layer as the depletion layer consists of defects. According to Lee et al. [81], the Schottky 
depletion layer exhibits a lower ε due to the dielectric saturation and piezoelectric 
compression. The second mechanism is the formation of damages at the surface of the 
heterolayered PZT thin film caused by deposition of the top electrode [100]. The 
bombardment of the energetic ions towards PZT surface during the Au electrode 
deposition might modify the surface layer. The third mechanism is the development of a 
non-ferroelectric layer at the initial stage of PZT growth [94]. For the system investigated 
in this project, the heterolayered films are fully crystallized as shown from the XRD 
traces (Figure 4.2). However, as shown from the PZ70T30 6-heterolayer SIMS traces in 
Figure 3.24, there is lead (Pb) diffusion towards the bottom electrode such that lead and 
oxygen vacancies and space charges can be accumulated at the PZT/Pt interface and 
formed space charge and vacancies layer with low ε. It is commonly known that the 
electrode/PZT interfacial layer is the favorable site for defects such as space charges and 
oxygen vacancies. Some other suggestions of the mechanism are the intrinsic stress as a 
result of the coalescent of the grains [30] and charge injection through an insulating layer 
[101]. 
 94
Chapter 4: Heterolayered PZT Ferroelectric Thin Films of Different Thicknesses 
4.5. Ferroelectric Properties 
 
Similar to the relative permittivity, Pr increases with the film thickness, while the Ec 
decreases with the number of alternating layers. The PZ70T30 2-heterolayer thin film 
exhibits a Pr of 19.4 μC/cm2 and Ec of 249 kV/cm at an applied field of 1000 kV/cm. The 
Pr increases to 24.84 μC/cm2 and 41.3 μC/cm2, while the Ec decreases to 195 kV/cm and 
131 kV/cm for PZ70T30 4-heterolayer and PZ70T30 6-heterolayer thin films, respectively. 
The maximum polarization (Pmax) also increases with increasing thickness of the 
ferroelectric layer. They were measured to be 40 μC/cm2, 50 μC/cm2, and 77 μC/cm2 for 
PZ70T30 2-heterolayer, PZ70T30 4-heterolayer, and PZ70T30 6-heterolayer, respectively. 
 
  
Figure 4.9 Hysteresis loops of (a) PZ70T30 2-heterolayer, (b) PZ70T30 4-
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The presence of interfacial layers plays a role in the observed increase of Pr, Pmax, and 
decrease of Ec with thickness [30, 32, 100, 102]. This was supported by the observation 
that the hysteresis loops are tilted with decreasing thickness as observed from Figure 4.9. 
It has been reported that the interfacial layers affects the shape of the polarization loop 
where a marked tilt of hysteresis loop is observed with decreasing film thickness [80, 
103]. There are several theories developed to explain the Pr and Ec dependences of 
thickness. For instance, by taking the interfacial layer as a nonferroelectric or 
nonswitching dielectric layer connected in series with the ferroelectric layer, the voltage 
is dropped across the interface capacitance and causing the ferroelectric layer to 
experience a lower field than the applied field and this will result in a decrease of 
polarization [32]. However, several researchers such as Cillessen et al. [31] and 
Tagantsev et al. [101] suggested that charge injection should be put into account for the 
thickness dependence of Ec. This is further confirmed by the experiment showing that the 
increase of Ec could not be explained just by taking the interfacial layer as a normal 
capacitor in series with the ferroelectric layer [31]. Another theory that is used to explain 
the thickness dependence of the Ec is the formation of the Schottky depletion layer 
together with contact or built-in potential developed between the ferroelectric film and 
metal electrode. The nucleation of oppositing domains required a higher field than the 
external field. This nucleation field is given by  
biexcn EEE += , (4.1) 
where Ecn is the coercive field for nucleation, Eex is the external field, and Ebi is the built-
in potential or contact potential. For ferroelectric film with thickness less than 1 μm as in 
the present case, the built-in potential is given by 
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ε2/tqNE dbi = , (4.2) 
where q is the electric charge, Nd is the concentration of free carriers, ε is the relative 
permittivity of the ferroelectric film, and t is the thickness of the film. The external field 
which is considered to be the coercive field, Ec, is then given by  
ε2/tqNEEE dcncex −== . (4.3) 
As the built-in potential increases with increasing film thickness, the coercive field 
decreases with increasing thickness [7, 102].  
 
As the thickness increases from 150 nm to 450 nm in this system, Pr is doubled and Ec is 
reduced almost by half. This shows that the presence of interfacial layers is quite 
detrimental toward the ferroelectric properties of the heterolayered PZ70T30 films.  
 
4.6. Leakage Current   
 
The leakage current densities of the three heterolayered PZ70T30 thin films are shown in 
Figure 4.10. In general, the leakage current decreases with the increasing number of 
alternating layers, showing the films became dense with increasing number of layers. 
They are less than 3 × 10-7 A/cm2 at 300 kV/cm, which is attributed to the dense 
microstructure of the heterolayered films as observed from the film texture studies (SEM 
and AFM).  
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4.7. Fatigue Behavior 
 
As fatigue behavior is one of the important properties for ferroelectric materials, the 
fatigue behavior of the heterolayered PZ70T30 thin films are studied. The fatigue tests 
were conducted under an applied field of 300 kV/cm and frequency of 200 kHz. The 
switched (±Psw) and un-switched polarization (±Pnon-sw) of each film was measured and 
recorded with increasing switching cycles. The switchable polarization (Pswitchable) was 
obtained from the difference between Psw and Pnon-sw. Figure 4.11 shows the normalized 
switchable polarization of the heterolayered PZ70T30 thin films. It is observed that in the 
early stage of the polarization switching, Pswitchable of each film increases and later on it 
starts to decay at a certain number of polarization switching cycles, which differs from 
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one film to another film with different number of alternating layers. At the end of the 
fatigue test, Pswitchable of PZ70T30 2-heterolayer is decayed by 55% after 6 × 10-9 switching 
cycles, while for PZ70T30 4-heterolayer, it is decayed by 52%  after 5 × 10-9  switching 
cycles. The degradation becomes much higher for PZ70T30 6-heterolayer, as Pswitchable is 
decayed by 71% after 6 × 10-9 switching cycles.  
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Figure 4.11.  Pswitchable of the heterolayered PZ70T30 thin films with number of cycles 
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4.7.1. Fatigue Behavior at Initial Stage of Polarization Switching  
 
As mentioned earlier, Pswitchable of the heterolayered PZ70T30 film shows an increase at the 
initial stage of the fatigue test. The fatigue behavior where the Pswitchable is enhanced by 
polarization switching at the early stage is called polarization wake-up phenomenon. The 
phenomenon is in particular apparent for PZ70T30 2-heterolayer, while it becomes less 
prominent as the number of alternating layers increases. This phenomenon is related to 
the de-pinning process, which is the removal of locked localized space charges at the 
interface and the grain boundaries with repeated switching cycles [43, 104]. It has been 
reported that pinned domains can be de-pinned by subsequent field [105] such that during 
fatigue test de-pinning and pinning of domains happen concurrently. The wake up 
phenomenon observed here implies that domain walls de-pinning happens at a higher rate 
than the locking or pinning of domains in the initial stage of the fatigue test. It gives rise 
to an enhancement in Pswitchable by a factor of 2.5, 1.2, and 1.1 as over the initial Pswitchable 
value for the PZ70T30 2-heterolayer, PZ70T30 4-heterolayer, and PZ70T30 6-heterolayer, 
respectively. The enhancement is also observed in the hysteresis loop of the 
heterolayered films. As shown in Figure 4.12, Pr of PZ70T30 6-heterolayer at 5 × 106 
switching cycles increases from its virgin value and it is accompanied by an increase of 
Ec value. With further fatigue cycling, the Pr degrades.  
 
From other reported studies, it is observed that there are obvious decrease in polarization 
of PZT after 104 – 107 switching cycles [106-108]. The wake-up phenomenon delays the 
degradation of the Pswitchable of the heterolayered PZ70T30 films. For example, an apparent 
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degradation of 15% is observed  upon 2 × 107 switching cycles for PZ70T30 6-heterolayer, 




Figure 4.12 The change in hysteresis loop for PZ70T30 6-heterolayer with 
increasing switching cycles at room temperature. 
 
 
4.7.2. Fatigue Behavior with Increasing Polarization Switching 
 
When the heterolayered PZ70T30 thin films are subjected to a large enough number of 
polarization switching cycles, the Pswitchable of the films decays. It implies that as the 
polarization switching increases, the domain pinning rate overcomes the de-pinning rate 
and causes the degradation of Pswitchable. At this stage, the PZT material with metallic 
electrodes has been reported to have very low fatigue endurance. Due to the wake up 
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phenomenon, the decay of the Pswitchable is more severe in PZ70T30 6-heterolayer than the 
other two films, where it decays by 71% from its initial value at the end of the fatigue test 
(after 6 × 10-9 switching cycles). As reported by other researchers, Pswitchable of PZT 
usually decays by 70 – 80% after 106 – 109 switching cycles [107]. The decay of Pswitchable 
observed in the heterolayered PZ70T30 films is accompanied by degradation in the 
dielectric (ε) and ferroelectric (Pr) properties. The relative permittivities of the 
heterolayered PZ70T30 films before the fatigue tests were measured and are plotted in 
Figure 4.13(a). After the fatigue tests, the relative permittivity of each film decreases as 
shown in Figure 4.13(b). Similar observation is also reported by several researchers, 
where the relative permittivity of the fatigued film is lower than the virgin state [81, 106]. 
From the hysteresis loop shown in Figure 4.14, it is also observed that the Pr of the films 
decreases after fatigue test is accompanied by a strong tilt of the polarization loop. Pr of 
PZ70T30 2-heterolayer is degraded by 49%, while those of PZ70T30 4-heterolayer and 
PZ70T30 6-heterolayer are degraded by 57% and 64%, respectively.  The degradation of 
these properties shows that there is a decrease of the domain response towards the applied 
electric field with increasing polarization switching cycles. 
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Figure 4.13 Relative permittivity of the heterolayered PZ70T30 films (a) before and 
(b) after fatigue tests. 
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Figure 4.14 Hysteresis loops of (a) PZ70T30 2-heterolayer, (b) PZ70T30 4-
heterolayer, (c) PZ70T30 6-heterolayer, before and after fatigue tests. 
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4.7.3. Fatigue Model of Ferroelectric Materials 
 
Defects chemistry is considered as an important factor in the observed fatigue behavior of 
ferroelectric materials, among other proposed fatigue models. This model accounts the 
creation, re-arrangement, migration, and accumulation of oxygen vacancies and mobile 
charge defects such as ions, electrons, and holes at the interfacial layer as the driving 
force behind the polarization fatigue [108-111]. The defects can be trapped at the 
electrode/ferroelectric interfacial layers due to the lower potential energy at these sites 
compared to the bulk ferroelectric [112]. The build-up of the defects at these sites causes 
a reduction in Pswitchable by pinning the domains and inhibiting the nucleation and growth 
of the domain walls [106, 108, 113].  
 
The pinning of domain walls can be viewed as an interaction of the domain walls with the 
bound charges and mobile carriers on the domain walls, followed by formation of 
electroneutral complexes. If the carriers are trapped at deep levels in the forbidden gap of 
the ferroelectric, the complex will be immobilized [108]. As there are more and more 
immobilized complex as the polarization switching increases, the Pswitchable decays. Scott 
et al. [114, 115] showed that, among the defects, oxygen vacancies played an important 
factor in the fatigue process. They suggested that there was electromigration of oxygen 
vacancies towards the electrode/ferroelectric interfacial layer and these vacancies can re-
order themselves into oxygen-vacancies planes that could pin the domain walls. This is 
further confirmed by Auger spectra that shows that there are areas of low oxygen 
concentration near the metal electrodes [116].  
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Some other studies suggested the role of charge injection in the fatigue model [108, 117-
120]. According to the injection mechanism, at the electrode/film interfacial layer, there 
is a high field that is enough to induce charge injection across the layer. The electrons 
and holes that are injected can be trapped at deep levels and immobilized forming a 
simple and even complicated charge defects that can participate in the formation of 
nonswitching nearby-electrode layer, in the inhibition of seeds of opposite domains, in 
bulk pinning of the domain walls, or in the local imprint mechanism [108]. Some also 
suggested the creation of new defects and local phase decomposition at the nucleation 
sites due to the charge injection mechanism [119-122]. 
 
As there are controversial suggestions and proposals related to the fatigue mechanism, 
the real process is still a topic of debate. As mentioned in previous sections, the 
heterolayered PZ70T30 thin films exhibits a degradation of Pswitchable with increasing 
polarization switching cycles which is accompanied by a decrease in Pr and ε. More 
detailed studies are discussed in the sections below, in order to understand the fatigue 
behavior of the heterolayered PZ70T30 thin films. 
 
4.7.3.1. Leakage Properties After Fatigue 
The leakage properties of the heterolayered PZ70T30 thin films were measured after the 
fatigue test. As shown in Figure 4.15, the leakage of the heterolayered films increases 
significantly after fatigue, showing the presence of more charge carriers in the fatigued 
heterolayered thin films. They are increased to 5.27 × 10-2 A/cm2, 4.58 × 10-2 A/cm2, and 
1.18 × 10-2 A/cm2 at 300 kV/cm for PZ70T30 2-heterolayer, 4-heterolayer, and 6-
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heterolayer films, respectively. Scott et al. [116] observed a similar phenomenon and 
they attributed the increase of leakage current for fatigued PZT films to the increased 
oxygen coverage at the Pt electrode. 
 
 
Figure 4.15 Leakage current density of the heterolayered PZ70T30 thin films after 
fatigue tests. 
 
4.7.3.2. Rayleigh Law 
To have a better understanding on the defects distribution and contribution towards the 
observed fatigue phenomenon, Rayleigh law is used in this study. The Rayleigh law, 
which is originally formulated for ferromagnetic materials, describes the contribution of 
intrinsic lattice (reversible) and irreversible domain wall towards the relative permittivity, 
by measuring the relative permittivity with ac electric field in subswitching regime [123-
125]. It can describe the behavior of ferroelectric materials with interfaces such as 
domain walls and phase boundaries that move across randomly distributed pinning 
centers [123]. Thus, it is often used to study the degree of domain wall pinning present in 
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a ferroelectric film. According to the Rayleigh law, the ac electric field dependence of 
relative permittivity of a ferroelectric in subswitching regime is given by: 
ε = εinit + αE    (4.4) 
From this linear relationship, one can calculate the values of Rayleigh coefficients, i.e., 
εinit which is the intrinsic lattice, reversible domain wall contribution and α which is the 
irreversible displacement of the walls. Figure 4.16 plots the relative permittivity of the 
three films as a function of applied ac field (0 – 30 kV/cm) at different frequencies (10 – 
105 Hz). They all show a linear relationship that follow the Rayleigh law. The relative 
permittivities of the films are also frequency dependent, as they decrease with increasing 
frequency. 
 
By fitting the experimental results of the relative permittivity with least square linear fit, 
the values of εinit and α can be determined from the y-intercept and gradient of the linear 
fit, respectively. The resulting plots are shown in Figure 4.16, where εinit and α are 
plotted against logarithm of frequency for each film. Similar to the relative permittivity, 
α and εinit are also frequency dependent. As shown in Figure 4.16, the values of α and εinit 
increase as the thickness of the heterolayered PZ70T30 thin film increases. The α values of 
the heterolayered films are in the range of 0.77 to 7.35, while εinit values are in the range 
of 265 to 888 at the frequency of 1 kHz.  
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Figure 4.16 Field dependence of relative permittivity of (a) PZ70T30 2-heterolayer, 
(b) PZ70T30 4-heterolayer, and (c) PZ70T30 6-heterolayer at different frequencies. 
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Figure 4.17 Frequency dependence of the reversible and irreversible parameters 
(εinit and α) for (a) PZ70T30 2-heterolayer, (b) PZ70T30 4-heterolayer, and (c) PZ70T30 
6-heterolayer according to Rayleigh law. 
 
Before further analysis is done by using Rayleigh law, the validity of Rayleigh law in 
heterolayered PZ70T30 thin film system needs to be verified. The verification can be done 
by comparing the experimental polarization (P) versus electric field (E) hysteresis loop of 
for each heterolayered PZ70T30 film with the theoretical polarization versus electric field 
hysteresis loop, which can be calculated by putting the Rayleigh coefficients determined 
from Equation (4.4) into the following equation: 
),(
2
)( 2200 EEEEP init −±+= ααε  (4.5) 
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where the plus sign (+) stands for decreasing field and the minus sign (–) for increasing 
field. The Rayleigh coefficients used in calculating the polarization hysteresis loop 
should be taken from the values determined at the same frequency as the one used to 
measure the polarization hysteresis loop experimentally. Selected experimental 
polarization hysteresis loop where E0 = 30 kV/cm, 40 kV/cm, and 50 kV/cm for PZ70T30 
6-heterolayer, 4-heterolayer and 2-heterolayer, respectively, measured under frequency of 




Figure 4.18 Polarization vs. electric field hysteresis loop at 1 kHz. Circles 
correspond to experimental data and the full lines are calculated with Equation 
(4.5), with εinit and α  extracted from Figure 4.17 at 1 kHz. 
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It can be observed that the experimental data and calculated polarizations are in good 
agreement with each other, which confirms that the Rayleigh law can be reasonably used 
for the domain wall motion studies in the heterolayered PZ70T30 thin films. 
 
It is of interest to study the defects and the domain walls pinning contribution towards the 
fatigue behavior observed in the heterolayered PZ70T30 films. For this, the domain walls 
mobility before and after fatigue test were investigated. The relative permittivities of the 
heterolayered PZ70T30 thin films were again measured as a function of ac field with 
frequency of 10 – 105 Hz after the fatigue tests. The results thus obtained are plotted in 
Figure 4.19. From the least square linear fit relationship of the plots, εinit and α values of 
the fatigued films can be determined, as plotted in Figure 4.20. The focus will be on the α 
values and the ratio of irreversible to the reversible Rayleigh coefficient (α/εinit) as they 
represent the degree of domain wall pinning present in thin films.  
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Figure 4.19 Field dependence of relative permittivity of (a) PZ70T30 2-heterolayer, 
(b) PZ70T30 4-heterolayer, and (c) PZ70T30 6-heterolayer at different frequencies 
after fatigue test. 
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Figure 4.20 Frequency dependence of the reversible and irreversible parameters 
(εinit and α) for (a) PZ70T30 2-heterolayer, (b) PZ70T30 4-heterolayer, and (c) PZ70T30 
6-heterolayer according to Rayleigh law after fatigue tests. 
 
The α values and the ratio of irreversible to the reversible Rayleigh coefficient (α/εinit) 
prior to and after fatigue at frequency of 1 kHz are plotted in Figure 4.21 and 4.22, 
respectively, where both α and the ratio of α/εinit are seen to increase with the number of 
alternating layers in the ferroelectric thin film. High α and α/εinit ratio values suggest a 
large irreversible contribution due to the high mobility of interfaces or a high number of 
mobile interfaces present in the film. In other words, the higher the α and α/εinit ratio 
values, the lower the degree of domain pinning. Thus, the trends in the α and the ratio of 
α/εinit values in the heterolayered PZ70T30 films imply that domain pinning weakens as 
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the number of layers increase from two to six layers. The domain wall pinning is 
contributed by the presence of defects such as oxygen vacancies or locked space charges 
which act as pinning centers. In the heterolayered films, the defects are accumulated 
more likely at the electrode/film interfacial layers, besides other favorable sites such as 
the grain boundary. This is further confirmed by the series connection capacitor model 
study in Section 4.4, in which it is observed that the effect of electrode/film interfacial 
layers becomes more important as the thickness of the heterolayered films decreases from 
PZ70T30 6-heterolayer to PZ70T30 2-heterolayer. By using these findings, we could then 
explain the observed dependence of the wake-up phenomenon with the number of layers 
in the heterolayered PZ70T30 films discussed in Section 4.7.1. The high wake-up value 
observed for PZ70T30 2-heterolayer as compared to the other heterolayered films is due to 
a large number of locked space charges or a stronger domain pinning prior to polarization 
switching, as supported by the observation from the Rayleigh law, which could be 
released  during the de-pinning process. 
 
By comparing the α and the ratio of α/εinit before and after the fatigue test, one can 
observe an obvious decrease of α and α/εinit ratio from the virgin to the fatigued state. 
The ratio of α/εinit is decreased by 63%, 67%, and 45% for PZ70T30 2-heterolayer, PZ70T30 
4-heterolayer, and PZ70T30 6-heterolayer, respectively. This indicates a stronger domain 
pinning present in the fatigued heterolayered films. Thus, the domain pinning mechanism 
plays a role in the observed fatigue behavior of the heterolayered films which result in the 
suppression of the switchable polarization and the relative permittivity of the fatigued 
films. 
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Figure 4.21 The irreversible parameter (α) for the heterolayered PZ70T30 thin 
films at 1 kHz according to the Rayleigh law. 
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4.7.3.3. Fatigue Model in Heterolayered PZ70T30 Thin Films 
The fatigue behavior of the heterolayered PZ70T30 films is accompanied by an increase of 
leakage current (Section 4.7.3.1) and a stronger domain wall pinning (Section 4.7.3.2) in 
the fatigued films. The increase in leakage current is correlated to an increase of charge 
carriers, while a stronger domain wall pinning is correlated to an increase of defects 
acting as pinning centers in the fatigued films. Thus, it is suggested that during the 
polarization switching cycles, there occurs the generation and accumulation of charge 
carriers which act as pinning centers and result in the suppression of the switchable 
polarization and dielectric properties as observed in Figure 4.11, 4.13, and 4.14.  
 
The decrease in the relative permittivity of the fatigued heterolayered films, as observed 
from Figure 4.13, indicates a less response of the bulk film towards the applied field. It 
also gives an indication that there is an increase in the thickness of the low-ε 
electrode/PZT interfacial layers that is caused by accumulation of the defects at the 
electrode/PZT interfacial layer. This is further supported by the increase of tilt in the 
polarization loop of the fatigued films, showing the presence of defects in the film. 
Indeed, there have been several reports suggested that during the fatigue switching 
cycles, there is a migration of vacancies towards the electrode causing the accumulation 
of pinning centers at the electrode/film interfacial layer [97, 106, 114, 126]. This has been 
observed experimentally [111, 116], and also by ab initio studies [97]. On the other hand, 
the interfacial layer is also an important factor in the charge injection mechanism from 
the electrode to the ferroelectric film [38, 111]. During polarization switching, there is a 
high field in the interfacial layer. According to Mihara et al. [120, 122], under a high 
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local field, the injected charge at the surface of grain boundary generates space charges 
and new defects such as oxygen vacancies. While there is a build-up of defects that form 
the space-charge layers at the electrode/ferroelectric interfaces with the increasing 
number of switching cycles, the accumulation of pinning centers inhibit the mobility and 
the growth of the domain walls. 
 
The hysteresis loops of PZ70T30 6-heterolayer at virgin and fatigued state with an applied 
field of 300 kV/cm are again shown in Figure 4.23 loop A and loop B, respectively, in 
which a lower Pr and more tilted loop are observed for fatigued film. However, the Pr of 
the fatigued film can be regained with an applied field of 522 kV/cm as shown in Figure 
4.23 loop C. The increase in Pr is accompanied with an increase with Ec. It shows that the 
domain within the bulk heterolayered PZ70T30 film can be activated with a higher applied 
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Figure 4.23 Hysteresis loop of PZ70T30 6-heterolayer measured under various 
conditions. Loop A: virgin film with an applied electric field of 300 kV/cm. Loop B: 
fatigued film with an applied electric field of 300 kV/cm. Loop C: fatigued film with 
an applied electric field of 522 kV/cm. 
 
 
The effect of domain wall pinning and charge injection on the fatigue behavior of the 
heterolayered PZ70T30 thin films is further investigated from the frequency studies of the 
polarization fatigue behavior. Figure 4.24 shows the plot of the normalized Pswitchable vs 
switching cyles of PZ70T30 6-heterolayer under different frequency, i.e., 200 Hz and 200 
kHz. It can be observed that the polarization fatigue behavior of PZ70T30 6-heterolayer is 
frequency dependent, where the film fatigues earlier when the switching frequency is 
lowered, in this case at 200 Hz. At this frequency, the polarization wake-up phenomenon 
is still observable indicating that the depinning process happens simultaneously with the 
pinning process, but the pinning rate increases at a faster rate causing the film to be 
fatigued at a lower switching cycles, which is at ~ 104 switching cycles. At the same 
time, a higher defects concentration is observed for the slower switching fatigued films as 
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the dielectric loss of this film is much higher than the fast switching fatigued films as 
shown in Figure 4.25. The reason behind these observations is that as the fatigue test is 
conducted at a slower switching (low frequency), there is enough time for the charges or 
defects to migrate toward the bound charges of the domain walls. The slow switching 
also exposed the PZT film to a higher electric field for a longer period of time which 
could cause the generation of more space charges or defects, which accumulated at the 
electrode/PZT interfacial layer, due to charge injection mechanism. Hence, the slow 
switching causes stronger fatigue for the heterolayered thin film. 
 
 
Figure 4.24 Dependence of polarization fatigue on the switching frequency for 
PZ70T30 6-heterolayer. 
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Figure 4.25 Dielectric loss of PZ70T30 6-heterolayer fatigued at 200 Hz and 200 
kHz switching frequencies. 
 
 
4.7.4. Temperature Dependence of Fatigue Behavior 
 
From Figure 4.26, it can be observed that the fatigue behavior is temperature dependent. 
It is observed that with increasing temperature the wake-up phenomenon is depressed. As 
the removal of locked localized space charges can be assisted by the thermal energy and 
thereby increasing the depinning rate, the domain pinning increases at an even higher rate 
due to the build up of oxygen vacancies and space charges at the interface as explained 
above. Thus, with increasing temperature, the wake-up phenomenon vanishes.  
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Figure 4.26 Fatigue behavior of PZ70T30 6-heterolayer thin film at different 
temperatures. 
 
The build up of defects at the electrode/PZT interface that causes an increase rate of 
domain wall pinning is observed from the relative permittivity and dielectric loss of the 
films fatigued at different temperatures, as shown in Figure 4.27(a) and (b). The fatigued 
films exhibits a lower ε as the fatigue temperature is increased from room temperature 
(RT) to 110 °C. Furthermore, the film fatigues at elevated temperature exhibits a much 
higher loss at low frequency compared to the one fatigued at RT. This indicates that there 
is an increased number of space charges and vacancies as the film fatigued at elevated 
temperature which eventually increases the pinning rate of the domains and the number 
of pinned domains. As the pinned domains cannot respond to the electric field, the 
relative permittivity of the fatigued films will be lowered. Indeed, the disappearance of 
wake-up phenomenon and the lower fatigue endurance for heterolayered PZ70T30 film 
fatigued at elevated temperature is due to the build up of defects which will increase the 
rate of domain pinning and the number of pinned domains. 
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Figure 4.27 (a) The relative permittivity and (b) dielectric loss of PZ70T30 6-





The ferroelectric and dielectric properties of the heterolayered PZ70T30 thin films with 
two, four, and six layers have been investigated. With increasing number of the 
alternating layers, both the relative permittivity and remanent polarization are enhanced. 
In accordance with the series connection model, the presence of a thin, low relative 
permittivity electrode/film interface is shown to play a role in affecting the relative 
permittivity, which is especially apparent for PZ70T30 2-heterolayer and PZ70T30 4-
heterolayer films. In addition, the presence of this interfacial layer, which is also 
recognized as the Schottky depletion layer, causes a thickness dependence of the coercive 
field for the heterolayered films. Upon repeated fatigue cycles, a wake-up phenomenon is 
shown, which is in particular apparent for the two-heterolayered film, where the 
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polarization is enhanced by polarization switching at the early stage of fatigue test, 
suggesting the unlocking of space charges from ferroelectric domain walls. The fatigue 
behavior is temperature dependent, where the wake-up phenomenon vanishes and the 
polarization degradation is accelerated with increasing temperature. The leakage current 
density of the heterolayered films is increased by polarization switching, implying an 
increase in the defect concentration generated by the electron injection, while the ratio of 
irreversible to reversible contribution decreases by 45 – 67% suggesting a stronger 
domain pinning. The fatigue process thus involves an increasing number of oxygen 
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CHAPTER 5  





In this chapter, the electrical properties of the heterolayered PZT films are further 
investigated by changing the stacking sequence of the film in order to have a better 
understanding on the heterolayered PZT films. For this purpose, two heterolayered PZT 
thin films consisting of alternating PZ70T30 and PZ30T70 with a total of six layers were 
prepared as shown in Figure 5.1. In Section 3.3.3, it has been shown that the 
seeding/underlayer plays an important role in the microstructure of the heterolayered PZT 
films. The film microstructure is very important, for example, the grain size can influence 
the ferroelectric and dielectric properties such as relative permittivity (ε), remanent 
polarization (Pr), and coercive field (Ec). Hence, in this chapter, the effects of 
microstructure on the dielectric and ferroelectric properties of the heterolayered PZT thin 
films will be presented. 
 
Figure 5.1 Schematic diagrams of (a) PZ70T30 6-heterolayer and (b) PZ30T70 6-
heterolayer thin films. 
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5.2. Phase Identification 
 
Figure 5.2 shows the XRD traces of PZ70T30 6-heterolayer and PZ30T70 6-heterolayer, 
whereby (001)/(100) preferred orientation are observed. The (001)/(100) preferred 
orientation in heterolayered PZ70T30 films has been explained in Section 3.2.2. In 
heterolayered PZ30T70 films, the bottom PZ30T70 layer which has crystallized at 500 ºC 
with (100) preferred orientation dictates the orientation of the above PZ70T30 layer, such 
that with baking and further annealing at  650 ºC, PZ70T30 layer crystallizes following the 
(100) orientation of PZ30T70 layers. Thus, the stacking sequence does not change the 
(001)/(100) preferred orientation observed in heterolayered PZT thin films.  
 
 
Figure 5.2 XRD traces of PZ70T30 6-heterolayer and PZ30T70 6-heterolayer thin 
films after thermal annealing at 650 ºC for 1 hour. 
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The studies on the film microstructure were further carried out by using SEM and AFM. 
The comparisons between the heterolayered PZ70T30 and heterolayered PZ30T70 thin films 





Figure 5.3 shows the cross section of both heterolayered PZT thin films. The thicknesses 
of the films were measured and averaged from 10 positions selected randomly for each 
film. Both films, which have the same number of alternating layers (six layers), exhibit 
similar thickness as shown in Table 5.1. They are dense with good adhesion with 
substrate and good adhesion between the alternating layers.  
 
 
Figure 5.3 SEM images showing the surface morphology of (a) PZ70T30 6-
heterolayer and (b) PZ30T70 6-heterolayer thin films. 
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Table 5.1 Average thicknesses of the heterolayered PZ70T30 and PZ30T70 films. 
 PZ70T30 6-heterolayer PZ30T70 6-heterolayer 
Thickness 444.61 ± 5.64 nm 438.09 ± 4.81 nm 
 
Surface Morphology 
Figure 5.4 shows the SEM images of the surface morphology of both films, whereby 
PZ70T30 6-heterolayer is observed to have larger grains as compared to PZ30T70 6-
heterolayer film. The large grain size observed in PZ70T30 6-heterolayer film cannot be 
observed in PZ30T70 6-heterolayer film, the grain size of which is of 80 – 250 nm. By 
changing the stacking sequence of the layers, the microstructure of the film is changed 
significantly, indicating the important role of the seeding layer in the overall 
microstructure of the heterolayered PZT thin films. In the heterolayered PZ30T70 films 
system, the top PZ70T30 layer follows the microstructure of the PZ30T70 seeding layer 
which is small as observed in Figures 3.11(b) and (d). This results in the small-grained 
microstructure observed in heterolayered PZ30T70 thin films.  
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Figure 5.4 SEM images showing the surface morphology of (a) PZ70T30 6-




Figure 5.5 shows the AFM images of both films, which gives a consistent observation as 
that can be observed by using SEM. The refined microstructure of heterolayered PZ30T70 
thin films is accompanied by a smoother surface, indicated by a lower surface roughness 
(RMS = 1.071 nm) as compared to the surface roughness of the heterolayered PZ70T30 
thin films (RMS = 2.453 nm).  
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Figure 5.5 AFM images showing the microstructure of (a) PZ70T30 6-heterolayer 
and (b) PZ30T70 6-heterolayer. 
 
 
5.4. Ferroelectric Properties 
 
By changing the stacking sequence of the heterolayered PZT films, the ferroelectric 
properties are also affected greatly. Figure 5.6 shows the hysteresis loops of PZ70T30 6-
heterolayer and PZ30T70 6-heterolayer, measured at 1000 kV/cm, respectively. It can be 
observed that the Pr and Ec of PZ70T30 6-heterolayer are almost double of those of 
PZ30T70 6-heterolayer film. PZ70T30 6-heterolayer film exhibits a Pr of 41.3 μC/cm2 and a 
Ec of 131 kV/cm, while PZ30T70 6-heterolayer film demonstrates a Pr of 21.2 μC/cm2 and 
Ec of 74.20 kV/cm.  
 
Pr value of PZ30T70 6-heterolayer is similar to that of six-layered PZ70T30 film, while its 
Ec is somewhere between those of six-layered PZ70T30 and six-layered PZ30T70 thin films. 
Thus, in heterolayered PZ30T70 film, the stacking of PZ70T30 and PZ30T70 layers results in 
a reduction in Ec, although not an improvement of Pr. These results are rather different 
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from those of PZ70T30 6-heterolayer, whereby both Pr and Ec are enhanced for this film 
when compared to the multilayered PZT thin films, as reported in Section 3.4. 
 
 
Figure 5.6 Hysteresis loops of (a) PZ70T30 6-heterolayer and (b) PZ30T70 6-
heterolayer thin films.  
 
 
5.5. Dielectric Properties 
 
Similarly, concerning the dielectric properties, it is observed that PZ70T30 6-heterolayer 
has a higher relative permittivity than that of PZ30T70 6-heterolayer as shown in Figure 
5.7. At 1 kHz, the relative permittivity of PZ70T30 6-heterolayer is 710, while PZ30T70 6-
heterolayer is 615. The lower relative permittivity of PZ30T70 6-heterolayer is 
accompanied with a higher dielectric loss than that of PZ70T30 6-heterolayer film. The 
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dielectric loss of PZ70T30 6-heterolayer is 0.035, while PZ30T70 6-heterolayer film exhibits 
a dielectric loss of 0.045. 
 
 
Figure 5.7 Dielectric properties of PZ70T30 6-heterolayer and PZ30T70 6-
heterolayer thin films.  
 
 
5.6. Effects of Film Microstructure  
 
As discussed above, heterolayered PZ30T70 film shows inferior electrical properties when 
compared to the heterolayered PZ70T30 thin film. The differences in dielectric and 
ferroelectric properties are related to the different grain sizes of the two films. Both SEM 
and AFM studies show that the grain size of PZ70T30 6-heterolayer was 12 × larger than 
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that of PZ30T70 6-heterolayer. The refined grain size in PZ30T70 6-heterolayer reduces the 
density of domain walls. As the density is increased, the repulsive force between the 
neighboring walls increases such that the movement of the domain walls becomes 
restricted. It makes reorientation of domains toward the applied electric field harder, 
which leads to a decrease in relative permittivity and Pr. The large grain size of PZ70T30 
6-heterolayer facilitates the movement of ferroelastic domains with the applied electric 
field, which improves the dielectric and ferroelectric properties. Similar observation 
concerning the effect of grain size on the ferroelectric and dielectric properties has been 
reported [127-129].  
 
To further investigate on the effect of grain size on the dielectric properties, Rayleigh law 
once again can be implemented. The Rayleigh law provides useful information on the 
contributions of intrinsic lattice and domain walls movement towards the relative 
permittivity at sub-switching field. The focus is thus on the Rayleigh coeffiecient α, as it 
is affected by grain size, among other structural parameters . Other factors include the 
number of defects, and constraints related with substrate [123]. By looking at the 
Rayleigh coefficient α, one can obtain information on the interface mobility or the 
number of mobile interfaces present in the heterolayered PZT films. Figure 5.8 plots the 
relative permittivity of PZ30T70 6-heterolayer film as a function of applied ac field (0 – 30 
kV/cm) at different frequencies (10 – 105 Hz). It gives a linear relationship that follows 
the Rayleigh law as equated in Equation (4.4). The values of εinit and α of the film can 
then be determined from the y-intercept and gradient of the linear fit, respectively. The 
resulting plots are shown in Figure 5.9, where εinit and α are plotted against logarithm of 
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frequency. The plots of relative permittivity for PZ70T30 6-heterolayer film as a function 
of applied ac field and its values of εinit and α are shown in Figures 4.16(c) and 4.17(c), 
respectively. As has been discussed previously for heterolayered PZ70T30 thin film, the 
validity of Rayleigh law in heterolayered PZ30T70 thin film system can be verified by 
using Equation (4.5), before further analysis is carried out. Figure 5.10 shows the 
experimental polarization hysteresis loop where E0 = 20 kV/cm measured under 
frequency of 1 kHz together with the calculated polarization obtained from Equation 
(4.5) for PZ30T70 6-heterolayer film. It can be seen that the calculated polarization is very 
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Figure 5.9 Frequency dependence of the reversible and irreversible parameters 
(εinit and α) for PZ30T70 6-heterolayer according to Rayleigh law. 
 
 
Figure 5.10 Polarization vs. electric field hysteresis loop at 1 kHz. Circles 
correspond to experimental data and the full lines are calculated with Equation 
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Figure 5.11 shows the value of α plotted against logarithm of frequency in the range of 
10 – 105 Hz for the heterolayered PZT films. It can be observed that PZ30T70 6-
heterolayer exhibits a smaller α value than that of PZ70T30 6-heterolayer film. At 1 kHz, 
the α value of PZ70T30 6-heterolayer is 1.5 × of the α value of PZ30T70 6-heterolayer. This 
suggests that there is a lower mobility of interfaces or lower number of mobile interfaces 
present in PZ30T70 6-heterolayer film. This is further supported from the ratio of the 
irreversible to the reversible Rayleigh coefficient (α/εinit) as shown in Figure 5.12, where 
it is observed that the α/εinit ratio for PZ30T70 6-heterolayer is also lower than that of 
PZ70T30 6-heterolayer film.  The difference becomes much higher at higher frequency. As 
with decreasing grain size the mobility of the domain walls reduces, the smaller values of 
α and α/εinit in PZ30T70 6-heterolayer film is due to the small grain size of this film.  
 
 
Figure 5.11 Frequency dependence of the irreversible parameters (α) for PZ70T30 
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Figure 5.12 Frequency dependence of the ratio of the irreversible to the reversible 
Rayleigh coefficient. 
 
It is also observed that α and α/εinit are dependent on the ac field frequency. At low 
frequency the space charge is mobile enough to reorientate itself towards the applied 
electric field such that it increases the extrinsic contribution of the dielectric properties. 




The electrical properties of heterolayered PZT films with different stacking sequence 
have been studied.  The stacking sequence does not affect the orientation of the films. 
However, there is a significant change in the microstructure, which significantly affects 
the dielectric and ferroelectric properties. PZ70T30 6-heterolayer with grain size of 1 – 3 
μm demonstrates superior properties when compared to PZ30T70 6-heterolayer with grain 
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size of ~80 – 250 nm. The decrease in grain size restricts the movement of domain walls, 
giving a lower relative permittivity and Pr. The grain size effect on the dielectric 
properties has also be observed in the sub-switching field. PZ30T70 6-heterolayer exhibits 
a lower α value than that of PZ70T30 6-heterolayer. The domain walls mobility is reduced 
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6.1.  CONCLUSIONS 
 
Heterolayered PZT films, consisting of alternating PZ70T30 and PZ30T70 layers, have been 
successfully fabricated via a sol-gel route assisted by spin coating technique and 
deposited onto Pt/Ti/SiO2/Si substrate. The heterolayered PZT with PZ70T30 as the first 
layer in particular (heterolayered PZ70T30) demonstrates (001)/(100) preferred orientation, 
unusually large microstructure, and superior properties, when compared to those of the 
multilayered PZT thin films. The Pr of six-heterolayered PZ70T30 film is almost double of 
those of multilayered PZT films, accompanied by an enhanced relative permittivity and a 
lower dielectric loss. The enhancement in electrical properties of the heterolayered 
PZ70T30 film is investigated thoroughly, whereby two possible mechanisms are 
considered, i.e. the presence of PZ70T30/PZ30T70 interfacial layer and the coupling effect 
between the rhombohedral and tetragonal layer which induces domain switching. The 
PZ70T30/ PZ30T70 interfacial layer leads to a degradation in the electrical properties. Thus, 
it is not responsible for the improved electric behavior observed for heterolayered 
PZ70T30 films. Investigations into the domain imaging by PFM reveal the presence of the 
ferroelastic domains in heterolayered PZ70T30 film, which resembles that in the bulk 
microstructure. The stacking of the rhombohedral and tetragonal layers in heterolayered 
PZ70T30 film results in an unique formation of c/a/c/a polytwin domains. Further 
investigations by using PFM show that these polytwin domains are ferroelastically active, 
easily switched with an applied field. By poling a region of the heterolayered film, 
domain reconstruction, characterized by a complex ferroelastic domain switching, occurs. 
The external electrical field and the strain exerted from the rhombohedral layer to the top 
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tetragonal layer induce the domain reconstruction as the domain switching can happen 
inside the grain, without the help of grain boundaries. The domain reconstruction is 
accompanied by giant polarization properties, about 300% of the constrained 
monodomain thin film. This observation supports the conclusion that the coupling of the 
rhombohedral and tetragonal layer which induces the domain switching mechanism is 
accountable for the observed superior properties in heterolayered PZ70T30 film.  
 
Investigations into the thickness effect of heterolayered PZ70T30 films show enhanced 
dielectric and ferroelectric properties with the increasing film thickness. The presence of 
a thin, low ε electrode/film is found to be the cause of the observed thickness dependence 
in the relative permittivity and coercive field of the heterolayered PZ70T30 film. The series 
connection capacitor model supports the influence of the thin electrode/film interfacial 
layers towards the ε of heterolayered PZ70T30 film as the thickness of the film decreases. 
The fatigue behaviour demonstrates a wake-up phenomenon in heterolayered PZ70T30 
films, whereby the polarization is enhanced by polarization switching at an early stage of 
fatigue test as a result of the unlocking of space charges from domain walls. This 
phenomenon causes a degradation in the switchable polarization, which is delayed at a 
later stage of polarization switching. With further polarization switching, the films 
fatigues, resulting in a lower Pr and ε  at the end of the fatigue process. The high 
dielectric loss at low frequency (1 – 100 Hz) and increased leakage current suggest an 
increased concentration of mobile oxygen vacancies and space charges present in the 
film. These space charges act as pinning sites at the electrode/film interface layers, as 
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supported by a decrease in the ratio of irreversible to reversible (α/εinit) contribution, 
which play an important role in the fatigue behavior of the heterolayered PZ70T30 films.  
 
Although the stacking sequence of the heterolayered PZT films does not affect the 
orientation of the films, a drastic change is observed in the microstructure, which affects 
the dielectric and ferroelectric properties. With PZ30T70 as the first layer (heterolayered 
PZ30T70 film), the six-heterolayered film exhibits a smaller grain size of in the range of 80 
– 250 nm and a lower ε and Pr. Studies on the sub-switching field indicate that the 
domain walls mobility is reduced in the heterolayered PZ30T70 thin film of refined grain 
size, as there are more domain walls in association with the refinement on grain size 
impeding the domains movement. The restricted movement of the domain walls gives 
rise to a lower relative permittivity and Pr , which are observed in heterolayered PZ30T70 
film. 
Chapter 7: Future Works 
 
6.2 SUGGESTIONS FOR FUTURE WORKS 
 
The heterolayered PZ70T30 thin film demonstrates very interesting microstructure and 
enhanced properties, as compared to those of the multilayered PZT films. The mechanism 
behind the observed high Pr and ε in this film had been discussed in Chapter 3, where the 
ferroelastic domain switching is correlated to the strain coupling imposed on the 
tetragonal layer from the bottom rhombohedral layer under an applied field.  
 
It would be of interest to further investigate the effect of strain on the ferroelastic and 
dielectric properties of the heterolayered film. The strain in the film can be varied by 
modifying the layer thickness of rhombohedral phase (dR) and tetragonal phase (dT), with 
dR/ dT = 1. High resolution XRD can then be employed to study the strain of the film. It 
will also be of interest to study the ferroelastic domain switching in the heterolayered 
film with different dR/dT as the coupling between the alternating layers might be affected 
with different thickness of rhombohedral or tetragonal layers.  
 
To improve the fatigue endurance of the heterolayered PZT films, selections of oxide 
electrode materials can be considered. Oxide electrodes such as IrO2 and SrRuO3 have 
shown an improve in fatigue endurance of ferroelectric thin films [113]. Furthermore, it 
has been demonstrated that the dielectric properties of ferroelectric film with oxide 
electrodes are thickness dependent. Further fatigue studies on heterolayered PZ30T70 film 
can be carried out in order to study the effect of grain size on the fatigue behavior of the 
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